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MOLECULAR-KINETIC PROPERTIES OF CRYSTALLINE 
TRYPSINOGEN* 


By FRANK TIETZEt 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, January 8, 1953) 


Although trypsinogen and trypsin occupy a key position among the 
pancreatic proteolytic enzymes (2), their characterization as proteins is 
surprisingly incomplete (3). Progress toward the elucidation of the molec- 
ular-kinetic properties appears to have been impeded by the instability of 
these two proteins over the relatively wide pH range in which trypsin is 
active and tends to promote autocatalytic activation of trypsinogen, or to 
undergo autolysis. Attention has been focused recently on the unusual 
sedimentation behavior revealed by trypsin under conditions in which it 
was active and unstable (4), in contrast to inactive trypsin or DFP trypsin! 
(5) which exhibited the sedimentation properties of a monodisperse sol- 
ute (4). 

The purpose of the present investigation was to determine in detail the 
molecular-kinetic properties of trypsinogen in comparison with those previ- 
ously reported for trypsin and DFP trypsin. Preliminary to such meas- 
urements the isolation of recrystallized preparations of trypsinogen, en- 
tirely free of active trypsin, was explored. Crystallization of trypsinogen 
occurs under conditions of pH which are conducive to its autocatalytic 
transformation to trypsin, the conversion being retarded, however, by the 
pancreatic inhibitor in the protein solution in which the initial crystalliza- 
tion occurs (6). It was found in the present work that the addition of 
DFP prior to crystallization caused such effective inactivation of traces of 
trypsin that the protein could be subsequently recrystallized without fur- 
ther addition of inhibitor of any sort. The resulting protein proved to be 
of sufficient purity to warrant physical studies within the pH limits of its 
stability, z.e. below pH 6.1. 


EXPERIMENTAL 
Chemical Methods 


Tryptic activity was determined by the continuous potentiometric titra- 
tion method of Schwert e¢ al. (7), with the use of benzoyl-L-arginine ethyl 


* Presented in part before the Forty-third annual meeting of the American Society 
of Biological Chemists, New York, April 14-18, 1952 (1). 

+ Present address, Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia. 

1 DFP denotes diisopropyl fluorophosphate. 
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2 TRYPSINOGEN 


ester (BAEE) as substrate. Veronal buffer, 0.01 m, pH 7.8, was used, 
containing also 0.1 m calcium chloride. The addition of calcium ions 
served to activate and stabilize trypsin (8-10) and proved effective in the 
use of esterase method in following the course of activation of trypsinogen. 
Under these conditions, the zero order rate constant for the hydrolysis of 
BAEE at 25° was about 30 per cent higher than that previously reported 
(11); 7.e., 0.35 mm per minute per mg. of enzyme nitrogen. 

Trypsinogen was assayed according to Anson’s hemoglobin method (12) 
by determining the maximal extent of conversion to trypsin under condi- 
tions in which the formation of inert protein is completely suppressed; 7.e., 
in the presence of 0.1 m calcium chloride at pH 7.8 and 3-5° (13). The 
optical density of the protein-free filtrate resulting from precipitation of 
the protein by 10 per cent trichloroacetic acid was determined directly in 
a Beckman model DU spectrophotometer at 280 my. The concentration 
of trypsin resulting from activation of trypsinogen was established by ref- 
erence to a calibration curve constructed with the use of known concentra- 
tions of crystalline trypsin. Adequate controls were used throughout. In 
order to accelerate the activation process for preparations containing ini- 
tially only very small amounts of trypsin, a known amount of trypsin 
(usually about 0.8 per cent of the total trypsinogen), sufficient to cause 
complete activation in 24 hours, was added and properly corrected for in 
the trypsinogen assay. 


Preparation of Trypsinogen 


Preliminary to the large scale preparative use of DFP, the effect of this 
reagent on trypsinogen was investigated as follows: 200 mg. of trypsinogen 
(Worthington), containing 7 per cent trypsin, were dissolved in 50 ml. of 
cold 0.01 M citrate buffer, pH 3.0, containing 0.3 ml. of a 0.64 m solution 
of DFP? in isopropanol (DFP-trypsinogen mole ratio of 23). The pH was 
then carefully raised to 8.0 by the addition of dilute NaOH, and any reac- 
tion with DFP was allowed to proceed by stirring of the solution for 2 
hours at 0°. After subsequent acidification to pH 3.0 and exhaustive di- 
alysis against 0.001 m hydrochloric acid to remove free DFP, the trypsin 
content of the lyophilized trypsinogen preparation was found to be reduced 
to 0.2 per cent. In comparison to a control preparation of trypsinogen 
which was maintained throughout at pH 3 and lyophilized, the maximal 
degree of activation was 96 per cent, indicating that DFP had practically 
no effect upon trypsinogen itself. 

Although, except for the addition of DFP, the preparation of trypsino- 

2 DFP was obtained as a 1 M solution in isopropanol through the courtesy of Dr. 


E. F. Jansen, and as a pure liquid through the courtesy of Dr. R. T. Major from 
Merck and Company. 
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gen followed in general the outline of Kunitz and Northrop (2, 6), some . 
pertinent experimental details not previously described will be given here. 
The starting material was the acid, amorphous filter cake, washed with 
magnesium sulfate, resulting from the precipitation of the proteins re- 
maining in the filtrate Tg (6). This precipitate (96 gm.) was dissolved 
with difficulty in 96 ml. of ice-cold 0.4 m borate buffer, pH 9.0, containing 
0.25 ml. of pure DFP. To the clear solution was added, dropwise, a sat- 
urated solution of potassium carbonate, to pH 8.0 (cresol red), followed by 
the addition, in several portions, of an equal volume of saturated mag- 
nesium sulfate. About 48 hours after the solution was placed in a cold 
room at 4°, microscopic crystals of trypsinogen appeared. After another 
24 to 48 hours standing in the cold, the crystals were collected by centrifu- 
gation (rather than by filtration) for 30 minutes at 20,000 X g in a pre- 
chilled rotor of a Spinco model L, preparative ultracentrifuge. The pre- 
cipitate was dissolved in 70 ml. of cold distilled water containing 0.003 ml. 
of pure DFP per ml. and the pH rapidly lowered to 3.0 by the addition of 
5 Nn sulfuric acid. A small amount of insoluble matter was removed by 
filtration through hard filter paper and the solution dialyzed against 0.001 
N hydrochloric acid and lyophilized; yield, 7.8 gm. of protein (Tg-1). The 
preparation contained 0.02 per cent active trypsin. Additional crystalline 
trypsinogen could be obtained from the mother liquor by the slow and 
judicious addition of solid magnesium sulfate. After 20 hours standing 
in the cold, the typical triangular crystals were collected by 1 hour’s centri- 
fugation at 35,000 X g and similarly dialyzed and lyophilized; yield, 8.2 
gm. of T'g-2. 

Recrystallization—Preliminary experiments indicated that large and well 
defined triangular crystals of trypsinogen could be obtained by the proce- 
dure of Kunitz and Northrop if recrystallization was allowed to proceed at 
room temperature in the absence of added DFP. The resulting product 
could be quantitatively activated to trypsin. On the basis of these ob- 
servations, 15 gm. of pooled, lyophilized Tg-1 and Tg-2 were dissolved in 
60 ml. of ice-cold, 0.4 m borate buffer, pH 9.3, and, after filtration in the 
cold, 5 n sulfuric acid was added dropwise until pH 8 (cresol red) was 
reached. After the addition of an equal volume of saturated magnesium 
sulfate, the clear solution was allowed to stand at room temperature, re- 
sulting in the formation of a copious crystalline precipitate after 24 hours. 
The crystals were collected by suction at room temperature, washed twice 
with small portions of half saturated magnesium sulfate in 0.1 m borate 
buffer, pH 8.0, once with saturated magnesium sulfate in 0.01 N sulfuric 
acid, and sucked as dry as possible (7.8 gm. of dry filter cake). The 
product contained 0.016 per cent trypsin and could be 100 per cent ac- 
tivated to trypsin. All physical studies described below were performed 
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with this preparation, after exhaustive dialysis against 0.001 m hydro- 
chloric acid and lyophilization. 

Although the method described above has been used with success in sev- 
eral instances, sufficient difficulties have been encountered to discourage a 
recommendation of this procedure for routine purposes. Thus many at- 
tempts to use the method have failed, owing to extensive activation of 
trypsinogen in spite of the presence of DFP. The use of larger quantities 
of this reagent was found to be undesirable in view of its ability to induce 
the formation of highly viscous gels upon the addition of magnesium sul- 
fate. 

pH-Stability—1 per cent solutions of the above preparation of trypsino- 
gen, containing 0.1 m calcium chloride, were tested for tryptic activity af- 
ter 2 hours of incubation at room temperature at pH values ranging from 
5.7 to 8.0. No activity could be detected below pH 6, but above this pH 
tryptic activity increased rapidly with increasing alkalinity. Physical 
measurements were, therefore, limited to pH 6 or less. 


Physical Methods 


Viscosity and Density—Viscosity measurements were performed at 24.9° 
in Ostwald viscometers of approximately 200 seconds flow time for water. 
Buffer densities were determined at the same temperature in pycnometers 
of 13 ml. capacity. The same pycnometers were used for determining the 
partial specific volume of the protein. 

Sedimentation analyses were carried out at 59,780 r.p.m. in a Spinco 
model E analytical ultracentrifuge equipped with the Philpot-Svensson op- 
tical system. Sedimentation constants were calculated in the usual fashion 
from the rotor speed and from the slope of the linear relation obtained 
between log x and t, where x is the distance in cm. of the mid-point of the 
sedimenting boundary to the center of rotation and t¢ is the time in seconds 
(14, 15). Measurements of the displacement of the maximal ordinate of 
the gradient curve with time were made with a Gaertner micro com- 
parator, precise location of the peak of the gradient curve being aided by 
the sharp diffraction band symmetrically disposed about the maximal 
ordinate. Sedimentation runs were limited to not more than 1 hour after 
the rotor had attained full speed in order to restrict temperature rises to 
less than 1°. Sedimentation constants were corrected to standard con- 
ditions; 7.¢c., sedimentation rate at 20° in water, the small correction for 
the effect of temperature on the buoyancy of water (14) being neglected, 
as is usual. 

Diffusion—Diffusion rates were measured at 0.9° with use of a moving 
boundary electrophoresis apparatus constructed by Frank Pearson Associ- 
ates. The optical system was of the Philpot-Svensson type (16) with a 
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diagonal slit. Diffusion was allowed to proceed in an Alberty type electro- 
phoresis cell of rectangular cross-section (17). Boundary sharpening was 
accomplished according to the method of Kahn and Polson (18), with use 
of a straight hypodermic needle with squared off tip, 0.58 mm. internal 
diameter, clamped to a vertically adjustable rack and pinion device. Af- 
ter the boundary was formed by shifting the center section of the cell, the 
capillary was lowered to the mid-point of the limb containing pure solvent. 
The boundary was then caused to rise toward the capillary by electrolytic 
compensation (19) and was then maintained as closely as possible to the 
capillary orifice by balancing carefully the rate of withdrawal of solvent 
through the capillary (about 2 ml. per hour) against the rate of electrolytic 
compensation. With this method, movement of the boundary during the 
sharpening process’ was minimized to an extent such as to suppress ade- 
quately the time-dependence of diffusion constants (16) (see below). 

Diffusion constants were calculated from enlarged tracings of the mid- 
line of the gradient curves, according to Equation 1 


A? 
° Ge R KPH . 


where A is the area of the enlarged tracing in sq. cm., H », the height of the 
maximal ordinate of the enlarged tracing in cm., ¢ the time in seconds, K; 
the magnification factor of the camera lens, and K» that of the enlarger 
lens. The product KiK2 was obtained from enlargements of photographs 
of an accurately ruled scale placed at a position corresponding to the hori- 
zontal mid-point of the diffusion column. 

Diffusion constants were corrected in the usual manner for buffer vis- 
cosity and temperature ((20) Equation 46) and are referred to water as 
solvent and to 20° (Dayo, w). 

The accuracy of the present method was checked by measurements of 
the diffusion rate of sucrose and of bovine serum albumin. For the diffu- 
sion of a sucrose solution containing 4.505 gm. per 100 ml. of solution into 
a solution containing 3.00 gm. per 100 ml., a value of D = 2.25 & 10-6 at 
1° was obtained, which compares favorably with D = 2.27 X 10-* re- 
ported by Gosting and Morris (21) for the same initial gradient at the 
same temperature. The results for bovine serum albumin, given in Table 
I, agree favorably with the value of Doo,» = 6.15 XK 10-7 recently pub- 
lished by Creeth (22). 


3 Such movement may result in a disturbance of the boundary, sufficient to cause 
appreciable time-dependence of the diffusion constant (16). With the method de- 
scribed here, movement of the boundary during sharpening was limited to a few 
tenths of amm. It should be pointed out, however, that even without compensa- 
tion, time-independent diffusion constants can be obtained if the rate of withdrawal 
is sufficiently slow. 
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Electrophoresis—Electrophoretic measurements by the moving boundary 
method were carried out in the same apparatus that was used for diffusion 
measurements, equipped also with a precision electronic current supply. 


Results 


The results of sedimentation measurements of trypsinogen at pH 3.86, 
4.99, and 6.02, respectively, are shown in Fig. 1. The buffers had the fol- 
lowing composition: at pH 3.86 and pH 4.99, 0.02 m sodium acetate, 0.18 
m sodium chloride, acetic acid to the desired pH, ionic strength 0.2; at pH 
6.02, 0.14 m sodium maleate, maleic acid to the desired pH, ionic strength 


TaBLe I 
Diffusion Constants of Bovine Serum Albumin 


Armour Lot 49, 1.33 per cent, phosphate buffer, pH 7.0, ionic strength 0.10. 
Temperature, 0.90°. 





Time D 
' - -_ tae s: Cea apres Serna. 107 
68 , 820 3.34 
116, 460 3.35 
163, 260 3.27 
239, 400 | 3.29 
282,780 3.20 
336, 360 | 3.28 
429, 960 | 3.36 
Average..... SPS oe eee eae Set 3.30 
beste s.c tks A Rees oA reece eee! 6.22 








0.32. Within the range investigated, the sedimentation behavior appeared 
to be independent of pH and ionic strength. Extrapolation to zero pro- 
tein concentration by the method of least squares yielded a sedimentation 
constant of 2.48 S. 

Diffusion measurements were carried out in buffer of pH 3.86, at protein 
concentrations of 0.54, 1.04, 1.27, and 1.72 per cent. The results are 
shown in Fig. 2. Extrapolation to zero protein concentration yielded a 
value of Do,~ = 9.68 X 10-7. A fair degree of homogeneity was indi- 
cated by comparison of the normalized gradient curves with the normal 
curve of error. Such a comparison is shown in Fig. 3 for the diffusion of 
a 1.72 per cent solution of trypsinogen into buffer. The scatter observed 
at the peak is due in large part to lack of definition of the enlarged tracings 
in the region of the maximal ordinate. 

Data pertaining to the determination of the partial specific volume of 
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trypsinogen are shown in Fig. 4 where the apparent specific volume of the 
protein, V2, is plotted against protein concentration. Apparent specific 
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Fig. 1. Concentration dependence of the sedimentation constants of trypsinogen 


j in buffered solutions of pH 3.86 (©), pH 4.99 (@), and pH 6.02 (A). 


For composition 
of the buffers, see the text. 
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Fic. 2. Concentration dependence of diffusion constants of trypsinogen at 0.9° 
in acetate buffer at pH 3.86. For buffer composition, see the text. Do.9° (uncor- 
rected) is the experimentally measured diffusion constant, uncorrected for viscosity 
j or temperature. 
' volumes were calculated by application of the expression 
é _ V- giV\° 
ol 7 SR SS (2) 
gz 


where V is the volume of the solution containing gz gm. of protein per 100 
(91) gm. of solvent, and V,° is the specific volume of the buffer at 25°. 
Extrapolation to zero protein concentration yielded a value for the ap- 


parent specific volume which becomes equal to the partial specific volume, 
V2 = 0.73 (7). 
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Fic. 3. Comparison of normalized gradient curves of the diffusion of a 1.72 per 
cent trypsinogen solution at pH 3.86, with the normal curve of error (continuous = | 
line). Thesymbols correspond to the following diffusion times: O, 58,200 seconds; 
@ , 98,100 seconds; X, 143,280 seconds; A, 184,500 seconds; A, 231,000 seconds; &, 
272,160 seconds. 
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92 
Fic. 4. Dependence of apparent specific volume, ¢V2, on trypsinogen concentra- 
tion, gz. For details, see the text. 
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Calculation of the molecular weight of trypsinogen from the expression 
‘14) 


RTs 


M = Da — Vo (3) 


vielded a value of M = 23,700. In this equation, M is the molecular 
weight, R the gas constant, and 7 the absolute temperature; s is the sedi- 
mentation constant, D the diffusion constant, both corrected for solvent 
viscosity and referred to the temperature 7’; V2 is the partial specific vol- 
ume of the solute and p the density of water. The frictional ratio, as 








Fig. 5. Ascending electrophoretic pattern of a 1.26 per cent trypsinogen solution 
in acetate buffer, pH 4.82, ionic strength 0.10. Field strength, 3.8 volts per em.; 
time of electrolysis, 440 minutes. Direction of migration, right to left. 





calculated from the molecular weight and the diffusion constant ((20) 
Equation 55), is equivalent to f/fo = 1.15. 

The results of an electrophoretic analysis of a 1.26 per cent trypsinogen 
solution in buffer at pH 4.82, 0.1 ionic strength, are shown in Fig. 5 which 
reveals, in addition to the main component, a small amount of a fraction 
of lower mobility. 


DISCUSSION 
As this is the first time that a value for the molecular weight of trypsino- 
gen is being reported, comparison can only be made with published values 


for crystalline trypsin. Since the sedimentation behavior appears to be 


identical with that of DFP trypsin and with that of trypsin at pH 3, and 
the diffusion constant nearly the same as that of DFP trypsin (4), it fol- 
lows that these three proteins have practically identical molecular weights, 
a conclusion which is in accord with the suggestion of Kunitz (23) that the 
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activation of trypsinogen is essentially due to the rupture of a peptide 
link (24, 25). 

In other respects, however, the behavior of trypsinogen diverges to a 
considerable extent from that of active trypsin. Thus between pH 3.8 
and 6.0 the sedimentation characteristics of trypsinogen, similarly to inac- 
tive DFP trypsin, are independent of pH and indicative of monomeric 
behavior, while those of trypsin depend markedly on pH, time, and pro- 
tein concentration (4). Presumably, then, the activation process results 
in the creation or exposure of a localized region which confers upon the 
enzyme the ability to combine strongly with other enzyme molecules, this 
region being possibly identical with the ‘active center.”’ 

Lastly, it may be of interest to compare briefly the properties of the 
trypsin family with those of chymotrypsinogen and its derivative. The 
zymogens are similar in that polymerization is either non-existent or else 
occurs to a small degree in comparison to the active enzymes (26-28). 
However, in contrast to trypsin, the polymerization of a-chymotrypsin 
increases with decreasing pH and is not affected by inactivation with DFP 
(28, 29). 


This work has been supported by grants from the United States Public 
Health Service and from the Rockefeller Foundation. The advice and 
encouragement by Professor Hans Neurath throughout this work and the 
iechnical assistance of Mr. Roger M. Wade are gratefully acknowledged. 


SUMMARY 


A procedure has been described for the preparation of twice crystallized 
trypsinogen, containing less than 0.02 per cent active trypsin, capable of 
being quantitatively activated to trypsin, but unstable above pH 6. The 
procedure involves the suppression of autocatalytic activation during the 
first crystallization by the use of diisopropyl fluorophosphate and recrys- 
tallization without added DFP at room temperature. 

Trypsinogen prepared in this manner has been characterized by quanti- 
tative measurements of sedimentation and diffusion rates and of the partial 
specific volume, yielding a molecular weight of 23,700 and a frictional ratio 
of 1.15. Although apparently homogeneous with respect to sedimentation 
and diffusion, the preparation contained a small electrophoretic impurity. 

The sedimentation behavior of trypsinogen and trypsin has been consid- 
ered in relation to the activation process. 
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CALCIFICATION 


X. AN X-RAY DIFFRACTION STUDY OF CALCIFICATION IN VITRO IN 
RELATION TO COMPOSITION* 


By ALBERT HIRSCHMAN,{t ALBERT EDWARD SOBEL, anv I. FANKUCHEN 


(From the Department of Anatomy, College of Medicine, State University of New York 
Medical Center at New York, the Department of Biochemistry, The Jewish Hospital 
of Brooklyn, and the Department of Chemistry and Division of Applied 
Physics, Polytechnic Institute of Brooklyn, Brooklyn, New York) 


PuaTEs 1 AND 2 
(Received for publication, December 5, 1952) 


The precise nature of the material which deposits in the calcification of 
rachitic epiphyseal cartilage in vitro, as indicated by silver staining, has 
never been ascertained, although it has been used as a criterion of calcifica- 
tion for almost 3 decades (1-3). Much of our knowledge of the mechan- 
ism of calcification and of the local factors responsible for the site of min- 
eralization rests on the assumption that this argyrophil substance is new 
calcification (1-5). This was based on the findings of early workers, who 
showed that the distribution of silver staining material in the cartilage 
matrix following calcification in vitro appears similar to that occurring in 
healing rachitic cartilage in vivo (2, 3). Silver staining is not specific for 
calcification; therefore, information on the nature of the silver staining de- 
posit would be helpful in evaluating the soundness of the use of calcifica- 
tion in vitro in studies of the calcifying mechanism. The results of x-ray 
diffraction studies are presented in this paper. Chemical studies will be 
presented elsewhere. 


EXPERIMENTAL 


Young rats of an original Wistar strain, 23 to 25 days of age, kept on the 
Bills stock diet (6), were placed on a rickets-producing diet (7) for 21 days. 
At the end of this period the animals were sacrificed and the tibiae re- 
moved. Three longitudinal sections were cut from each tibia through the 
proximal epiphyseal cartilage, in a frontal plane 0.2 to 0.3 mm. thick. 


* Presented before the Sixty-fourth annual session of the American Association of 
Anatomists, Detroit, March 21-23, 1951 (Anat. Rec., 109, 305 (1951)). 

Supported by the National Institute of Dental Research, National Institutes of 
Health, United States Public Health Service. 

t From the dissertation submitted to the Polytechnic Institute of Brooklyn in 


partial fulfilment of the requirements for the degree of Doctor of Philosophy, June, 
1952. 
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One section from each tibia was placed in a basal solution to serve as the 
control, and the remaining four sections from each rat were divided among 
four calcifying solutions. Each section was suspended by a glass hook in 
a 125 ml. Erlenmeyer flask which was completely filled with solution and 
tightly stoppered to prevent pH changes.! The calcifying solutions con- 
tained calcium and inorganic phosphate (expressed as phosphorus) in a 


Solution Ca P CaP 
‘ \ eae < eieeder eat: mg. per cent 
A 0 0 0 
B 3 | 15 45 
C 5 | 9 | 45 
D | 9 | 5 45 
E | 15 | 3 | 


45 








basal solution (A) containing 70 mm of NaCl, 5 mm of KCl, and 22 mm of 
NaHCO; per liter. The initial pH was adjusted with COz. The sections 
were incubated for 18 to 20 hours at 37° and pH 7.4. Changes of pH dur- 
ing incubation were usually within 0.05, and no more than 0.1 pH unit. 
In obtaining the final data, several successive experiments were employed. 
After incubation, the sections were dipped briefly in distilled water and 
immediately blotted on filter paper with a smooth surface. The sections 
were then stored in a desiccator until used. 

The dried specimens were placed over the collimating slit of a micro x- 
ray diffraction camera (8), while viewed with a microscope, so that the 
exact location of the section giving rise to each diffraction pattern was 
known. The x-ray beam was approximately 60 microns in diameter. Ex- 
posures of 6 to 8 hours, with copper K. radiation, were used. 


Results 


X-Ray Diffraction Patterns of Calcification in Vitro 


Calcification in vitro could be observed in the epiphyseal cartilage of 
all bone sections which had been incubated in the calcifying solutions. 
The calcification was easily discerned as an opaque line through the epiphy- 
seal cartilage when viewed with transmitted light. 

X-ray diffraction patterns from areas within the zone of new calcification 
(in vitro) and from preexisting calcified bone showed an inorganic diffrac- 
tion pattern of the apatite type, characteristic of normal bone. Fig. 1, A 


1 It has been found by one of the authors (A. E. 8.) that results of experiments by 
sterile technique are comparable to those obtained when chemically clean glassware 
and careful handling of the animals and solutions are employed, as in these experi- 
ments. 
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and B, shows x-ray diffraction patterns of two sections, with accompany- 
ing photomicrographs which indicate the areas on the section from which 
the diffraction patterns came. Some parts of the preexisting bone, partic- 
ularly the trabeculae, showed orientation. No orientation could be de- 
tected in any of the diffraction patterns taken from the calcification in 
vitro. 

Fig. 2 shows diffraction patterns taken from the epiphyseal cartilage of 
several sections which had been incubated in calcifying solutions contain- 
ing different Ca:P ratios. All of these (except for the controls) show only 
the apatite type of inorganic pattern, although the Ca:P ratio of the solu- 
tion varied from 15:3 to 3:15. Apatite could not be discerned in diffrac- 
tion patterns from the epiphyseal cartilage of control sections incubated 
in the basal salt solution containing no Ca or P (Fig. 2, Ai and A2). 


TaBLE I 
Effect of Calcifying Solutions on CaHPO,-2H,0 

















Calcifying solution* Solid composition 
vn aden ae See me ee Diffraction pattern 
a P Ca:PO. | COxPO. 
a. per cont | mg. per cent M | M mai 
3 15 1.22 | 0.068 CaHPO,-2H,0, apatite 
15 3 1.70 0.29 Apatite 


* Consisted of basal solution in addition to Ca and P; 37°; pH 7.3 to 7.4, for 48 
hours. 


Conversion of Calcium Acid Phosphate to Apatite in Vitro 


None of the x-ray diffraction patterns showed the presence of calcium 
acid phosphate, which has been reported as the first aggregate of calcifica- 
tion (9-11). Apparently CaHPO, is not formed or is unstable under our 
conditions of calcification in vitro. 

To test the possibility that CaHPQO, is converted to apatite, and thus 
cannot be detected, 15 mg. samples of CaHPO,:2H.0 were incubated in 
500 ml. of Solutions B and E for 48 hours. The initial pH was 7.3 to 7.4 
and did not change by more than 0.2 pH unit during the incubation. Most 
of the supernatant fluid was removed by aspiration, and the remainder 
with the solid was filtered with suction upon a fritted glass filter. The 
solid was washed rapidly (suction) with a few small portions of distilled 
water, followed by acetone, and then air-dried. Analyses for calcium, 
phosphate, and carbonate were carried out by methods described else- 
where (12, 13), and Debye-Scherrer diffraction patterns were made. The 
results are shown in Table I. 

In the solution containing 15 mg. per cent of Ca and 3 mg. per cent of 
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P, all of the solid was transformed to apatite, as revealed by x-ray diffrac- 
tion and as calculated from the chemical composition. A considerable 
amount of carbonate was present in the precipitate. In the solution con- 
taining 3 mg. per cent of Ca and 15 mg. per cent of P, about one-third of 
the solid was transformed to apatite, as calculated from chemical composi- 
tion. A small amount of carbonate was present in the precipitate. X-ray 
diffraction revealed the presence of both CaHPO,-2H,0 and apatite. 


DISCUSSION 


The x-ray diffraction patterns show that the material which deposits 
in calcification in vitro is an apatite. Thus, a sounder basis for silver 
staining as an index of calcification in vitro is presented. The pattern 
found was identical with that of preformed bone of the shaft or epiphysis 
of the sections, except for orientation. However, orientation cannot be 
excluded until studies of very thin sections are undertaken. 

Chemical analyses to be reported elsewhere (13) show that the composi- 
tion of the calcification 7n vitro varies with that of the calcifying solution. 
The Ca:PO, ratio (molar) varied from 1.43 to 1.64, and the PO,:CO; 
ratio (molar) varied from 3.70 to 8.35. Despite these differences in com- 
position, all of the diffraction patterns are identical. A similar situation 
has been shown to exist for bone, for which, in spite of wide variations in 
composition, x-ray diffraction reveals only apatite (14-16). Precipitates 
of calcium phosphate in which the Ca: PO, ratio varied from 1.28 to 1.63 
all showed one predominant x-ray diffraction pattern, namely apatite (17, 
18). It may seem incongruous that substances with such great differences 
in composition should all give the same diffraction pattern. This may be 
due to isomorphous substitution, which apatites are believed to undergo 
to a considerable extent (19). On the other hand, the extremely small 
crystals of apatites or tertiary calcium phosphate are capable of adsorbing 
relatively large amounts of other substances (20-23). Such adsorbed ma- 
terial does not usually show up in a diffraction pattern (24); hence only 
the apatite pattern is seen. If this is the case, then the composition of 
the structural part of bone salt or apatite may be relatively constant, the 
differences in over-all composition being due to adsorbed materials. 

CaHPO, has been suggested as the first aggregate formed in calcification 
(9-11), which subsequently changes to tertiary calcium phosphate. The 
correctness of this concept was implied in the composition studies of in- 
organic systems (20, 25, 26). Logan and Taylor (20) reported that, in 
their inorganic systems, conversion of calcium acid phosphate to a tertiary 
calcium phosphate was slower in solutions containing higher PO,:CO. 
ratios. These conclusions were drawn from composition studies and not 
x-ray diffraction. Sobel, Rockenmacher, and Kramer (12) reported that 
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bones of rats kept on a high phosphate-low calcium diet contained excess 
phosphate which could be expressed empirically as CaHPO,. Neverthe- 
less, in an x-ray diffraction study of such bones, Hirschman, Sobel, Kramer, 
and Fankuchen (14) could not demonstrate the presence of CaHPO, as 
such. The studies of McLean et al. (5) and Sobel and Hanok (7) imply 
that the first aggregate of calcification in vitro is CaHPO,. However, in 
the present investigation, no CaHPO, could be demonstrated in calcifica- 
tion in vitro. This does not exclude the possibility that CaHPO, is the 
first aggregate, since the experiments on the incubation of CaHPO, show 
that it is unstable under these conditions. The transformation to apa- 
tite takes place more rapidly in the high calcium solution than in the 
low calcium solution. Klement (27) demonstrated earlier the instability 
of CaHPO, in Tyrode’s solution. Because of their relatively large surface 
area, newly formed aggregates would change more quickly than fully 
formed crystals in a solution in which they are not stable. Therefore, if 
CaHPO, were deposited in calcification occurring in vitro, it would be 
transformed into apatite more rapidly than fully formed crystals added to 
the calcifying solution. Our results indicate that, if CaHPO, were origi- . 
nally present in calcification in vitro, it could have been transformed into 
apatite in situ. However, it must be made clear that the data in this 
paper do not contain any direct evidence for the existence of CaHPQ,. 

Studies of x-ray diffraction patterns of the mineral deposited in the first 
few minutes, rather than those obtained after several hours, may throw 
further light on the nature of the first aggregate deposited. In such studies 
the rapid calcification method in vitro recently reported may be of value 
(28). 

SUMMARY 


1. X-ray diffraction patterns of the material which deposits in calcifica- 
tion in vitro show only the apatite lines, despite the wide variation in 
chemical composition. Preformed bone gives identical patterns, except 
for orientation in some areas. 

2. X-ray diffraction patterns fail to reveal the presence of CaHPO, 
postulated as the first aggregate formed in calcification. This, however, 
does not exclude CaHPO, from consideration, since CaHPO, is converted 
to apatite when placed in solutions employed for calcification in vitro. 
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EXPLANATION OF PLATES 
PLATE 1 


Fig. 1. A, x-ray diffraction patterns obtained after calcification in vitro in a solu- 
tion of CaX P=5X9. Sand 4 from areas of calcification in vitro; 1, 2, and 6 from 
precalcified bone. B, x-ray diffraction patterns obtained after calcification in vitro 
in a solution of Ca X P = 15 X 3. 3 and 4 from areas of calcification in vitro; 1 and 
2 from precalcified bone. 


PLATE 2 


Fic. 2. X-ray diffraction patterns of calcification in vitro in the basal salt solution 
containing various amounts of calcium and phosphate. Ai, A2, Ca0, P 0; B,, Bo, Bs, 
Ca 3, P 15; Ci, C2, Cs, Ca 5, P 9; Di, De, D3, Ca 9, P 5; Hi, He, E3, Ca 15, P 3 mg. 
percent. Each x-ray diffraction pattern is from a separate section. 
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CELL FRACTIONS OF NORMAL AND 
CHOLESTEROL-FED RATS* 
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of Southern California, Los Angeles, California) 


(Received for publication, February 4, 1953) 


Since the liver has been shown to be of major importance in the synthesis 
(1, 2), destruction (3), and deposition (4-6) of cholesterol in the rat, it has 
become of interest to localize the sites and mechanisms of these functions 
within the liver cell. An approach to this problem has been made by 
studying the distribution of cholesterol within the liver cell through the 
use of the technique of differential centrifugation (7-9). Kretchmer and 
Barnum (10) studied the partition of unsaponifiable material among large 
granules, microsomes, and supernatant fluid of mouse liver homogenates. 
Chauveau et al. (11) reported a more comprehensive distribution of free 
and esterified cholesterol in the above as well as in additional fractions of 
normal rat liver. 

Recently, a study was reported from this laboratory (12) of the effect 
of cholesterol feeding on the quantitative distribution of free and esteri- 
fied cholesterol in three ultracentrifugal fractions of rat liver homogenates. 
These fractions included (a) a floating layer, (b) a residue consisting of 
nuclei, mitochondria, and submicroscopic particles, and (c) a supernatant 
fraction. During the experimental period, the content of esterified choles- 
terol increased markedly with time in the floating layer and more gradually 
in the residue. In the present work, livers of normal rats and animals fed 
cholesterol for 7 days have been more completely fractionated by a modi- 
fication of the method of Schneider and Hogeboom (9), and the cholesterol 
content of the resulting components has been determined. 


EXPERIMENTAL 


Animals—All rats used were female albinos of the University of South- 
ern California strain, approximately 60 days old and 170 gm. in weight, 
which had been reared since weaning on Purina chow. Six animals were 


* Supported by a research grant from the National Heart Institute of the National 
Institutes of Health, United States Public Health Service. Contribution No. 337 
from the Department of Biochemistry and Nutrition. 

This is Paper II of a series entitled, ‘‘Cholesterol distribution and metabolism as 
studied by differential centrifugation.”’ 

+ Predoctoral Fellow of the United States Public Health Service. 
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sacrificed to obtain normal data as described below. Four rats were fed 
a synthetic diet containing 0.5 per cent bile salt (12) for 5 days and 
then this diet supplemented with 1.0 per cent cholesterol for 7 days. At 
the end of this period, the animals were weighed and sacrificed. All rats 
showed similar weight gains. 

Preparation of Homogenates—The animals were anesthetized with Nem- 
butal, and as much blood as possible was withdrawn by heart puncture. 
Most of the blood was removed from the liver in a maximum of 2 minutes 
by perfusion with 60 ml. of ice-cold 0.25 m sucrose solution, which was 
forced by a syringe through a blunt No. 18 hypodermic needle introduced 
into the aorta through an incision in the left ventricle. The hepotic vein 
was severed to provide an exit for the blood and perfusion fluid.! The 
liver was quickly extirpated, trimmed, blotted, placed in a beaker im- 
mersed in cracked ice, and minced with scissors; 2.5 gm. were weighed ac- 
curately and homogenized with 7.5 ml. of ice-cold 0.25 m sucrose in a modi- 
fied Potter-Elvehjem homogenizer immersed in an ice bath. All further 
steps of the procedure were carried out in a cold room at 3-4°. The 
homogenate was filtered through single nap flannelet to remove whole 
cells (13). Exactly 8.0 ml. of the homogenate were then carefully layered 
beneath 4.0 ml. of 0.125 m sucrose in a 13 ml. Lusteroid centrifuge tube. 
In most cases duplicate samples of each homogenate were fractionated 
simultaneously. 

Fractionation of Homogenate—The layered homogenate was centrifuged 
for 1 hour in a Spinco ultracentrifuge at 3—4°, and the residue, centripetally 
migrating material (F layer), and Supernatant 1 were separated as previ- 
ously described (12). The latter two fractions were extracted immediately 
with petroleum ether (12). The residue was rehomogenized with 4 ml. of 
0.25 m sucrose for five strokes, with a Lucite pestle made to fit the centri- 
fuge tubes. Any material adhering to the pestle was rinsed back into the 
tube. The resulting homogenate was fractionated by the following modi- 
fication of the technique of Schneider and Hogeboom (9). 

The nuclear fraction, which was composed of nuclei, a few whole cells, 
and cell débris, was separated by centrifugation at 600 X g for 10 min- 
utes.2, The sediment was washed twice by rehomogenization with 0.25 m 
sucrose and centrifugation at the same speed. 

The combined supernatant fluid and washings were centrifuged at 5000 
x g for 10 minutes. This residue was washed twice with 0.25 m sucrose; 
the first sedimentation was carried out at 5000 X g for 10 minutes, while 
the final spin was at 24,000 X g for 10 minutes. The resulting residue 
was called the mitochondrial fraction. 


1 We are indebted to Dr. J. Ganguly for his perfusion method. 
2 The g values are given for the centers of the tubes. 
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Submicroscopic particles were sedimented from the supernatant fluid 
and washings by centrifugation at 105,000 < g for 1 hour. The final 
supernatant fluid was designated Supernatant 2. In the homogenates of 
livers from cholesterol-fed rats, additional floating material could be seen 
at the top of the tubes at the end of this spin. This material was separated 
and labeled F Layer 2. 

Extraction and Cholesterol Analysis—Each ultracentrifugal fraction, as 
well as an aliquot of the original homogenate, was extracted by a modifica- 
tion of the method of Thompson et al. (14), as previously described (12). 


TaBLe [ 


Distribution of Free, Esterified, and Total Cholesterol of Ultracentrifugal Fractions 
of Normal Rat Liver 

















Average per cent of total recovered* 
Fraction 
Free Esterified Total 
cholesterol cholesterol cholesterol 

F layer 3.6 62.2 13.3 
(2.4- 4.7) (51.6-79.7) (9.2-15.7) 

Nuclei 6.9 1.5 6.0 
(4.4-11.5) (0.0- 4.9) (3.7- 9.3) 

Mitochondria 13.5 | 3.1 13.7 
(6.9-15.8) | (0.0-12.8) (5.6-15.3) 

Submicroscopice particles 65.8 | 19.6 58.2 
(58 .6-75.2) (8.6-30.3) (50.4-64.9) 

Supernatant 1 4.6 | 6.5 4.9 
(1.7- 7.2) | (1.1- 9.6) (3.0- 6.1) 

= 2 6.6 8.6 tol 
(3.0- 9.5) | (4.1-11.9) (4.3- 9.3) 





* The values are averages of analyses on livers of six rats; the figures in parenthe- 
ses represent the range. 


Duplicate determinations of free and total cholesterol were made on each 
extract by a modified Sperry-Schoenheimer method, as described by Nieft 
and Deuel (15). The esterified cholesterol was calculated from the differ- 
ence between total and free cholesterol. These values are arbitrarily ex- 
pressed as mg. of cholesterol in 4.0 ml. of homogenate. 


Results 


In the normal rats, approximately 65 per cent of the free cholesterol of 
the liver was found in the submicroscopic particles (Table I). The re- 
mainder of the free cholesterol was fairly evenly divided among the other 
fractions. The distribution of esterified cholesterol, however, was quite 
different; 60 per cent was located in the F layer, 20 per cent in the sub- 
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Comparison of Concentration of Free and Esterified Cholesterol in Liver Fractions 
from Normal and Cholesterol-Fed Rats 
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Mg. cholesterol per 4.0 ml. homogenate 

























Fraction 





Homogenate 


F Layer 1 


“ “ce 2 
Nuclei 


Mitochondria 
Submicroscopic particles 
Supernatant 1 


“cc 2 


Homogenate 
F Layer 1 


“ “e 2 
Nuclei 


Mitochondria 
Submicroscopic particles 
Supernatant 1 


“c & 


ses represent the range. 





Normal rats* 


Rat 1 


Free cholesterol 


1.552 


| (1.067-1.836) 


0.053 
(0.039-0.068) 


0.104 


| (0.061-0.203) 


0.207 


| (0.078-0.269) 


0.971 


| (0.782-1.125) 


0.068 

(0.019-0.096) 
0.108 

(0.033-0.150) 


2.260 


0.189 


0.049 
0.198 


0.338 


1.086 


0.068 


0.041 


Esterified cholesterol 


0.365 
(0.302-0.497) 
0.187 
(0.125-0.277) 


0.004 
(0.00 -0.013) 
0.006 
(0.00 0.032) 
0.058 
(0.026-0.074) 
0.020 
(0.015-0.041 ) 
0.027 
(0.012-0.040) 





2.140 


1.730 


0.082 
0.078 


0.048 


0.272 


0.071 


0.044 





Cholesterol-fed rats 





Rat 2 


2.380 


0.164 


0.043 
0.183 


0.230 


1.480 


0.046 


0.040 


1.860 


1.736 


0.046 
0.107 


0.080 


0.250 


0.034 


0.034 





Lost 


1.720 


0.050 
0.127 


0.252 


1.080 


0.085 


0.052 


Lost 


8.500 


0.126 
0.098 


0.059 


0.283 


0.105 


0.065 





Rat 4 


i) 
or 
= 
S 


0.269 


0.829 


0.096 


0.049 


6.780 


6.570 


0.142 
0.106 


0.064 


0.260 


0.128 


0.034 


* The values are averages of analyses on livers of six rats; the figures in parenthe- 
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microscopic particles, 15 per cent in the supernatant fluid, and only minute 
amounts were found in the nuclear and mitochondrial fractions. 
Administration of a diet containing 1 per cent cholesterol for 7 days re- 
sulted in a pronounced increase in esterified cholesterol and a smaller rise 
in free cholesterol in the F layer (Table II). The increase of cholesterol in 
the combined nuclei, mitochondria, and microsomes, or “residue’’ previ- 
ously reported, was again observed in the present experiment, and further 
fractionation of this residue showed that the increase was localized in the 


TaBLeE III 


Per Cent of Free Cholesterol in Total Cholesterol of Liver Fractions from Normal and 
Cholesterol-Fed Rats 




















Per cent of total cholesterol in each fraction in free form 
Fraction 

Normal diet Cholesterol diet 

Homogenate 81.9 40.3 
(78.7- 83.5) (26.7-56.1) 

F Layer 1 22.8 10.6 
(17.7- 26.0) (7.3-16.8) 

Bo <i Ge 36.1 
(28.2-48 .6) 

Nuclear 95.7 58.7 
(85.3-100) (43.3-71.8) 

Mitochondrial 96.6 80.8 
(85.3-100) (74.2-87.6) 

Submicroscopic particles 94.2 80.9 
(91.1- 97.6) (76 .0-85.1) 

Supernatant 1 75.2 48.6 
(45.1- 96.9) (42.9-57.5) 

76.2 51.4 
# 2 (55.6- 89.9) (44.4-59.0) 


microsomes, with only slight changes in the nuclear and mitochondrial 
fractions. This increase was largely accounted for by esterified choles- 
terol. 

The ratio of free to total cholesterol, expressed as per cent free cholesterol, 
in each of the ultracentrifugal fractions of livers of normal and cholesterol- 
fed rats is shown in Table III. The percentage of free cholesterol in the 
unfractionated homogenates of normal livers averaged 82 and showed lit- 
tle variation among the six animals. 95 per cent or more of the choles- 
terol in the nuclear, mitochondrial, and submicroscopic particulate frac- 
tions and 75 per cent of that in the supernatant fractions were in the free 
state. The floating layer was the only component in which the cholesterol 
was found to exist predominantly in the esterified form. Cholesterol in- 
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gestion for 7 days produced a decrease in the proportion of free cholesterol 
in all of the cellular components. 

The recovery of cholesterol in the various fractions amounted to from 
87 to 99 per cent of the free and total cholesterol of the unfractionated 
homogenate. The recovery of esterified cholesterol, which was calculated 
from the difference, varied considerably, owing to slight inequalities in the 
recovery of free and total cholesterol. 


DISCUSSION 


When the technique of differential centrifugation is employed to deter- 
mine the intracellular distribution of a substance, the possibility of ad- 
sorption of this substance on the cellular particulates must be considered. 
Schneider and Hogeboom have commented (16), “‘.. .if a large percentage 
of the substance present in the whole tissue can be shown to be localized 
in a single fraction, then the probability of adsorption would appear to be 
minimal... On the other hand, the finding of a small percentage of a sub- 
stance in a fraction must be seriously considered as an adsorption phenom- 
enon.”’ When these considerations are applied to the work reported 
here, it is evident that in normal rat liver most of the free cholesterol is 
concentrated in the submicroscopic particles, while the majority of the es- 
terified cholesterol is located in the floating fraction. In view of the dem- 
onstration by other workers of the occurrence of cholesterol in more highly 
purified preparations of mitochondria (10, 17, 18) and nuclei (11), it ap- 
pears unlikely that the smaller amounts of cholesterol found in these frac- 
tions in the present work were entirely due to adsorption. 

It is of interest to compare the distribution of free and esterified choles- 
terol in normal rat liver reported here with that obtained by Chauveau 
and coworkers (11), who also employed a preliminary centrifugation to 
remove “free fat’? (F layer) prior to fractionation of the cellular particu- 
lates. However, they recognized that their investigation was limited by 
use of a centrifuge which provided a maximal centrifugal force of 50,000 x 
g. The fact that this force was insufficient to bring about sedimentation 
of all the cholesterol-containing particles, when 0.88 mM sucrose was used, 
is borne out by a comparison of Chauveau’s finding of 55 per cent of the 
free cholesterol in the supernatant fraction and 25 per cent in the micro- 
somes with the present report of only 12 per cent in the supernatant frac- 
tion and almost 60 per cent in the microsomes. Chauveau et al. (11) also 
found a high percentage (80 per cent) of the esterified cholesterol in the 
“free fat’”’ fraction. Thus, the results of these two investigations are in 
good agreement, if the assumption is made that Chauveau and associates 
(11) would have found a greater percentage of free cholesterol in the 
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microsomal fraction had they achieved a more complete separation of 
microsomes from the supernatant fraction. 

The results of the experiment involving cholesterol feeding verify the 
findings of earlier work (12) in which it was demonstrated that the major 
part of the exogenous cholesterol deposited in the liver was esterified and 
was associated with the floating layer. The smaller increases in esterified 
cholesterol in the nuclear, mitochondrial, and microsomal fractions might 
at first glance be attributed to an adsorption phenomenon. However, an 
examination of the data reveals that, although deposition of cholesterol 
was markedly higher in the unfractionated livers of Rats 3 and 4 than in 
Rats 1 and 2 (even though all animals were treated identically), this differ- 
ence was not manifested by a corresponding increase in cholesterol con- 
centration in the particulate fractions of the livers of Rats 3 and 4, which 
might be expected if adsorption (or, in the case of the nuclei, contamination 
with unbroken cells) were the explanation. Since the difference in choles- 
terol deposition of Rats 3 and 4 compared to Rats 1 and 2 was reflected 
only in the floating layer, the importance of this fraction as the major site 
of cholesterol deposition is further emphasized. 


SUMMARY 


1. The quantitative distribution of free and esterified cholesterol has 
been determined in five ultracentrifugal fractions (nuclear, mitochondrial, 
submicroscopic particulate, supernatant, and floating) of the livers of nor- 
mal and cholesterol-fed rats. 

2. In normal rat liver, over 60 per cent of the free cholesterol is localized 
in the submicroscopic particles, while the major part of the esterified cho- 
lesterol is associated with a centripetally migrating fraction. 

3. A marked increase in esterified cholesterol content of the centripetally 
migrating fraction is observed after 7 days of cholesterol feeding, while only 
small increases occur in the other cellular components. 
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THE MECHANISM OF ADENINE THIOMETHYLRIBOSIDE 
FORMATION* 


By F. SCHLENK anp RAYMOND L. SMITHt 
(From the Department of Bacteriology, Iowa State College, Ames, Iowa) 


(Received for publication, February 24, 1953) 


In earlier papers (1-3) we have reported that the accumulation of ade- 
nine thiomethylriboside (5’-thiomethyladenosine) in yeast depends upon 
the presence of methionine in the culture medium. The mechanism of the 
reaction has now been studied and some of the results will be reported here. 

Attempts were made to determine the size of the fragment contributed 
by methionine toward formation of the nucleoside (see Scheme A). In- 
corporation of part of the methionine molecule into the carbohydrate part 


® [ADENINE] 
uel Sie CHO 
~""GO0H "ACOH 
H,NCH HCOH 
Ps ah RE rare br dtosshs fe 
eS... sdgeve wh HC OH| 


of thiomethyladenosine seemed most likely, because both have the methyl- 
thio group in common. For determining the size of the contribution made 
by methionine, two types of experimental approach seemed promising. 
First, compounds resembling the fragments indicated in Scheme A were 
incorporated into the yeast growth medium. The yeast obtained was 
examined for adenine thiomethylriboside. If the accumulation of the nu- 
cleoside to an extent similar to that observed with methionine had occurred, 
the conclusion would seem warranted that the compound tested may be 
identical with or closely related to the joint fragment of methionine and the 
nucleoside. Several of the possibilities indicated in Scheme A were tested, 
but restraint in this work was imposed by the organoleptic effects of some 
of these compounds. 

The second experimental approach was by the use of methionine labeled 
with S**, or with C™ in the @ position, B,y positions, or in the methyl 
group. Recovery or absence of the isotope in the nucleoside permits one 


* This work has been carried out under a contract with the Division of Biology 
and Medicine, United States Atomic Energy Commission. 
+ Present address, Eli Lilly and Company, Indianapolis 6. 
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to draw conclusions concerning the size of the fragment transferred as indi- 
cated in Scheme A. 


EXPERIMENTAL! 


Culture of Yeast—In all the experiments reported here Torulopsis utilis 
was used because of the simplicity of its nutritional requirements (3). The 
growth medium contained the following ingredients per liter: KH2PO, 
2.0 gm., KzsHPO, 1.0 gm., (NH4)2SO, 2.0 gm., trisodium citrate 1.0 gm., 
MgCl, + 6H20 0.3 gm., CaCl, 0.3 gm., and glucose 15 gm. Glucose and 
additions such as methionine were sterilized separately by autoclaving or, 
in case of volatile or sensitive compounds, by filtration through a bacterio- 
logical filter. The medium was prepared in double strength; glucose and 
additions were made up in 4-fold concentration. Mixing of 2 parts of 
medium with 1 part each of glucose and of the supplement resulted in the 
desired concentration. Heavy inocula were transferred from Difco wort 
agar slants into 20 ml. of medium. This was transferred after 40 to 48 
hours into 100 ml. portions of growth medium. If larger amounts of yeast 
were desired, another transfer was made after 48 hours into 400 ml. of 
medium. The growth temperature was 30° and about 2 gm. of cell centrif- 
ugate were obtained per 100 ml. of medium. The precursors of thio- 
methyladenosine were incorporated only into the final medium from which 
the harvest of cells was made. Further details of our procedures are given 
in earlier reports (2, 3). 

Analytical Procedures—The nucleoside was extracted from the washed 
yeast by boiling with 2 volumes of water for 10 minutes. In early experi- 
ments of this series, separation from methionine and other cell constituents 
was accomplished by precipitation with phosphotungstic acid (4). More 
recently we have used paper chromatography for this purpose. Much 
smaller amounts of yeast extract can be handled and complete separation 


of the nucleoside is accomplished with ease. We have found Fy values as | 


follows: methionine, 0.25; adenosine, 0.32; thiomethyladenosine, 0.62; ad- 


enine, 0.46; and thiomethylribose, 0.59. Whatman No. 1 papers were used | 


with n-butanol saturated with water. The methionine content of our yeast 
extracts was always much less than the thiomethyladenosine content, and 
the concentration of adenosine was insignificant under our experimental con- 
ditions. Adenine and thiomethylribose are not found in yeast extracts; 
they were obtained by hydrolysis of thiomethyladenosine (4). No inter- 


fering substances were located on the paper near the thiomethyladenosine. | 


The yeast extract was applied to the paper as a band of 20 cm. in length in 
100 ul. instalments. Not more than 400 ul. (<1 uM of thiomethyladeno- 
sine) were used on each sheet. A spot of reference material was placed 


1 The technical assistance of Miss J. A. Tillotson is gratefully acknowledged. 
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near the edge of the paper. Ascending chromatography was carried out 
over a period of 15 hours at 30°. After drying of the papers, thiomethyl- 
adenosine was located by illumination with a model SL2537 ultraviolet 
lamp (Mineralight) (5). The dark area (40 to 80 sq. em.) was marked with 
pencil for extraction. It was excised and cut into small pieces, introduced 
into a fritted glass micro filter tube of medium porosity, and pulped with 
2 ml. of water. Suction was applied after 10 minutes, and three more 
charges of 1 ml. of water each were employed in the same fashion. The 
combined filtrates were used to determine the concentration of thiomethyl- 
adenosine by ultraviolet spectrophotometry (6) and, after suitable con- 
centration of several eluates, by the nitroprusside test (4). Absence of 
methionine and of adenosine in the eluate was ascertained by the negative 
results of the ninhydrin test (7) and by the failure of duodenal adenosine 
deaminase to alter the absorption spectrum (6). The same procedures were 
used for the isolation and determination of adenine and methylthioribose. 
For the detection of the latter compound on papers the sodium azide-iodine 
reagent (8, 9) can be used, but the response is inferior to that obtained 
with methionine. 

Chemical Compounds Used—$-Hydroxyethyl methyl sulfide, CH;SCH:- 
CH,OH (2-methyl mercaptoethanol), was synthesized (10). Sodium 
methyl mercaptide, NaSCH:;, was obtained from a solution of methyl 
mercaptan in sodium ethylate by precipitation with an excess of ether 
(11). 3-Methylmercaptopropionaldehyde, CH;SCH:CH,CHO, was ob- 
tained by condensation of mercaptan with acrolein (12). 2-Mercapto- 
ethanol, HSCH,CH.0H, methylisothiourea, .-ergothioneine, and di- 
methylpropiothetin chloride were commercial products. 

Labeled Compounds—pu-Methionine-a-C“ and pui-methionine-S** were 
obtained commercially. Samples of pi-methionine-methyl-C™ were gen- 
erously donated by Dr. V. H. Cheldelin (Oregon State College) and Dr. B. 
Connor Johnson (University of Illinois) with authorization from the United 
States Atomic Energy Commission. pu-Methionine-8,y-C“ was synthe- 
sized in this laboratory by Barger and Weichselbaum’s method (13), ac- 
cording to the directions of Windus and Marvel (14, 15). The following 
modifications were necessitated by the small scale of operations: For prepa- 
ration of 2-methyl mercaptoethanol, a 10 per cent excess of sodium methyl- 
sulfide was used. Ethylene bromohydrin-1,2-C™ (1 me.; Tracerlab, Inc.) 
was employed instead of ethylene chlorohydrin. It was diluted with car- 
rier substance to 40 mm. It proved impossible to distil the 2-hydroxy- 
ethyl methyl sulfide in the presence of the sodium bromide formed in the 
reaction. Instead, the product was taken up in water and isolated by 
exhaustive extraction with ether, drying with anhydrous sodium sulfate, 
and distillation (yield 42 per cent). The conversion into 2-chloroethyl 
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methyl sulfide gave a yield of 63 per cent. For condensation of ethyl 
sodium phthalimidomalonate with 2-chloroethyl methyl sulfide, equimolar 
amounts were used. The product (ethyl-1-methyl-3-phthalimidopropane- 
3 ,3-dicarboxylate) was not isolated. Its solution was treated with alkali 
and then with acid to yield 1-methylthiol-3-phthalimidopropane-3 ,3-di- 
carboxylic acid (yield 60 per cent). Further treatment as outlined (15) 
gave DL-methionine (yield 77 per cent). It was recrystallized and had a 
melting point and mixed melting point of 279°, migrated uniformly in paper 
chromatograms, showed 98 per cent of the theoretical response in nitro- 
prusside tests (4), and had an activity of 1630 c.p.m. per uM. 

Radioactivity Measurements*—For measurement of the radioactive com- 
pounds, the following routine was employed. A small sample of the methi- 
onine solution to be incorporated into the yeast growth medium was re- 
tained for counting at the same time as the resulting thiomethyladenosine. 
The latter was obtained in the form of paper eluates as described above. 
Amounts ranging from 0.02 to 0.2 um (<400 c.p.m.) were measured with a 
Nuclear Instrument and Chemical Corporation scaling unit, model No. 161, 
and a lead-shielded Geiger-Miiller tube having a mica end window. 


Results 


Experiments with Compounds Resembling Fragments of Methionine—The 
experiments listed in Table I are supplementary to our earlier work (2, 3). 
It is noteworthy that the yield of yeast is not related to the accumulation 
of thiomethyladenosine in the cells. With our improved analytical tech- 
niques, even small amounts of yeast can be examined, but below a con- 
centration of 0.2 um of nucleoside per gm. of yeast centrifugate the ac- 
curacy is not satisfactory. Small amounts of thiomethyladenosine are 
found even in the absence of an organic sulfur supplement in the medium. 

Of the alternatives listed in Scheme A, the possibility of a transmethyla- 
tion has found no support by our earlier work (3). Methyl mercaptan 
represents a methionine fragment of size b, Scheme A. The tests of this 
compound were complicated by its volatility. It was added to the medium 
in numerous small instalments. Methylisothiourea was tested with the 
assumption that mercaptan might be formed from it, although it could 
also be considered as a potential source of compound c. Ergothioneine 
likewise contains a C—S group or, with the inherent methyl supply, a 
potential configuration C—S—C. Representative of the chain C—S— 
C—C (alternative, Scheme A, d) is methylmercaptoethanol, while 3- 
methylmercaptopropionaldehyde and dimethylpropiothetin were used to 
test the configuration C-—-S—-C—C—C (Scheme A, e). None of these 
compounds was found to serve as a substitute for methionine. 


* The authors are indebted to Dr. A. Voigt for advice and facilities. 
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Experiments with Labeled Methionine—The results of our experiments 
with labeled methionine are listed in Table II. Only the methyl group 











TaBLeE [ 
Effect of Compounds Resembling Methionine on Accumulation of Thiomethyladenosine 
in Yeast 
Compound examined —— in = — sdenonne found 
™M gm. per 100 ml. uM 
pu-Methionine: .......6..666. 0565. 3.0 2.3 4.4 
Sodium methyl mercaptide, 

WASO Eis. Pehle ceo ens 3.8* 2.4 0.3 
Methylisothiourea, 

HsNCGCNE)SOU So.) 2. deseo cae es 3.0 2.1 <0.2 
L-Ergothioneine................... 3.0 2.6 0.2 
2-Mercaptoethanol, HSCH.CH.OH. 3.4 0.5 0.3 
2-Methyl mercaptoethanol, 

CH;SCH:CH,OH................ 3.4 0.2 0.2 
3-Methylmercaptopropionaldehyde, 

CH;SCH:CH.CHO.............. 3.2 2.0 <0.2 
Dimethylpropiothetin chloride, 

(CH3)25(Cl])CH2zCH2COOH...... 3.0 2.3 0.2 














* This concentration represents the total amount added. In the yeast growth 
medium, volatile methyl mercaptan is formed. 








TABLE II 
Labeled Methionine As Precursor of Thiomethyladenosine in Yeast 
Thiometh- 
Yeast . 
ee ° yladenosine sos 
Precursor OM ee age 
mediumt yeast 
gm. per cent 
pL-Methionine-a-C™.....| 11,650 + 560 2.0 4.3 248 + 162 2.1 
pL-Methionine-8,y-C™...| 1,630 + 74 2:3 4.0 56 + 28 3.4 
pL-Methionine-S**....... 9,560 + 455 2.3 4.2 9165 + 484 | 96.0 
put-Methionine-C“H;....} 8,800 + 530 1.8 4.1 8720 + 570 | 99.1 




















* The concentration used was 0.3 mm per 100 ml. of medium. 
+ Standard deviations in the counting procedure are listed. 
¢ The values given are the moist weight. 


and the sulfur atom of methionine are incorporated into the nucleoside. A 
similar experiment with sulfur-labeled methionine has been reported by 
Weygand and coworkers (16). Their result is the same as that reported by 
us (1). The high recovery of isotope in the experiment with methionine-S* 
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incidentally shows that synthesis of this amino acid by the yeast cell re- 
mains limited, if an excess is offered in the medium. 

With pt-methionine-a-C“ and pi-methionine-8,y-C“ in the medium, 
the amount of isotope recovered in the nucleoside is barely significant. 
This small activity may represent a non-specific utilization of methionine. 
Some support comes from the observation that far more methionine disap- 
pears from the culture medium than is utilized for the formation of thio- 
methyladenosine or incorporation into the yeast protein. A small per- 
centage of the breakdown products may appear in various positions of the 
nucleoside. 

It has been reported (17) that methionine can contribute its methyl 
carbon to position 2 of the purine nucleus. If this were true for thiomethyl- 
adenosine, one would expect a higher isotope content than was found in our 
experiment with methyl-labeled methionine because the label should ap- 
pear in both the methyl group and in the purine part of the nucleoside. 
We have examined the two constituents separately to ascertain that our 
recovery of about 100 per cent is not caused by a random distribution of 
isotope between them. After purification of the nucleoside by large scale 
paper chromatography, acid hydrolysis was carried out (4). The adenine 
and thiomethylribose obtained in this way were separated and analyzed for 
isotope content. No significant activity was found in the adenine while 
the methylthiosugar showed 9100 c.p.m. per um. The yield of the com- 
ponents was too low to permit degradation for further analysis. It is 
apparent from our result that carbon atom 2 of the purine nucleus of thio- 
methyladenosine is not derived to any significant extent from the methyl 
group of methionine, despite the availability of an excess of the amino acid 
in the growth medium. 


DISCUSSION 


The failure of the compounds listed in Table I to substitute for methi- 
onine in the formation and accumulation of thiomethyladenosine does not 
exclude the alternatives given in Scheme A; the selection tested is not 
complete. It may be that, aside from an intact methylthio group, a func- 
tional group such as a carboxyl, alcohol, aldehyde, or amino group is re- 
quired at the terminal carbon atom of the compound offered. If the re- 
sponse had been positive, the experiment would have been highly suggestive 
of one of the mechanisms indicated in Scheme A. The experiments with 
labeled methionine obviated further tests with hypothetical fragments. 

It is apparent from the data listed in Table II that thiomethyladenosine 
derives only its thiomethyl group from methionine (Scheme A, b). At- 
tempts to explain the mechanism of transfer of this group must take into 
account that no significant amount of free mercaptan is noticeable in yeast 


cultures with excessive methionine; nor does added methyl mercaptan | 
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under the conditions specified cause formation of thiomethyladenosine. 
The transfer apparently occurs without liberation of mercaptan. A plaus- 
ible theory is represented by Scheme B. According to this, methionine 


® (ADENOSINE OR HOMOLOGUE) 


OSH, ---- 
----C -CH-§ 


(METHIONINE ) | 3 


HO (INTERMEDIATE) 
ree —CH,—S—CH,—- G---- 


CH 
rs se 
----C-CH,OH  CH,-S-CH,-C--- 
(HOMOSERINE) (THIOMETHYLADENOSINE ) 


combines with adenosine or one of its phosphorylated homologues to a 
thetin-like intermediate, S-adenosylmethionine, which undergoes splitting 
into 5’-thiomethyladenosine and homoserine. If an excess of methionine 
is available to the yeast, the adenosine component is taken from the meta- 
bolic pool of the cell in equivalent amount and accumulation of thiomethyl- 
adenosine takes place. We have not found the expected quantities of 
homoserine in our yeast extracts, nor does this amino acid accumulate in 
the culture medium. It is metabolized rapidly, as evidenced by its dis- 
appearance from the culture medium when added in a concentration equal 
to that of methionine. 

Support of Scheme B comes from the work of Cantoni (17, 18) who, in 
his search for the biological methyl donor formerly termed “‘active methi- 
onine” (19), has encountered S-adenosylmethionine in liver. Our recent 
observation that thiomethyladenosine can be synthesized in cell-free yeast 
extracts (3) gives hope of tracing the reaction step by step. The net result 
is transfer of the thiomethyl group of methionine, and the term “trans- 
thiomethylation” is suggested for this type of reaction. Thiomethyladeno- 
sine can be utilized by the cell to form methionine (20), which further 
emphasizes the close relationship between the two compounds. It is note- 
worthy that the nucleoside was discovered (21, 22) long before the amino 
acid (23), but until recently the former has found little attention. 


SUMMARY 


The specific effect of methionine in accumulating adenine thiomethyl- 
riboside (5’-thiomethyladenosine) in yeast has been studied with Torulopsis 
utilis. Experiments with methionine labeled in various positions have 
shown that the sulfur atom and the methyl group are recovered in the 


nucleoside. The term ‘“‘transthiomethylation” is suggested for this reac- 
tion. 
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THE PURINE METABOLISM OF A 6-MERCAPTOPURINE- 
RESISTANT LACTOBACILLUS CASEI 
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Previous studies on the effect of 6-mercaptopurine on Lactobacillus casei 
(1, 2) have shown that it is a purine antagonist whose inhibitory activity 
at high concentrations can be overcome by any of the four purines, adenine, 
guanine, xanthine, or hypoxanthine, whereas folic acid is effective only at 
low concentrations of the inhibitor. For the diaminopurine-resistant strain 
of L. casei, 6-mercaptopurine is an even stronger inhibitor than for the wild . 
strain (2). The pronounced oncolytic activity of 6-mercaptopurine (3) 
and its inhibitory effect on mouse! and human leucemias? made it of partic- 
ular interest to attempt the further elucidation of its mode of action. Since 
studies on the purine metabolism of the diaminopurine-resistant strain of 
L. casei had been very revealing with regard to the locus of action of di- 
aminopurine (2, 4), a 6-mercaptopurine-resistant mutant was isolated and 
investigated. The present report deals with the metabolism of this mu- 
tant with respect to its growth requirements and its response to purine 
antagonists. 


EXPERIMENTAL 


The seed cultures of the wild strain of L. casei were grown as recom- 
mended by Snell and Strong (5) and used as described previously (6). 
The 6-mercaptopurine-resistant strain, hereafter referred to as the MPR 
strain, was isolated by serial transfer of a large inoculum of the wild strain 
on alternate days into the O medium containing 1.25 mygm. of folic acid 
per ml. and concentrations of 6-mercaptopurine beginning with 100 y per 
ml. and increasing gradually to 500 y per ml. The mutant was then 
maintained in the regular seed culture medium in the presence of 500 y 
per ml. of the inhibitor. 

The microbiological experiments were carried out as described previously 
(6). By addition of supplements to the basal medium, O, the following 
media were obtained: OT, O + 1 y of thymine per ml.; OFA, O + 0.05 
mugm. of folic acid per ml. 

The adenine sulfate, adenosine, adenylic acids a and b, guanosine, and 
guanylic acid were obtained from the Schwarz Laboratories and the latter 


1 Law, L. W., personal communication. 
2 Burchenal, J. H., personal communication. 
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was purified by passage over a Dowex 1 column (7). The guanine hydro- 
chloride was from the Eastman Kodak Company and the inosine from the 
Nutritional Biochemicals Corporation. The inosinic acid was obtained 
from the Sigma Chemical Company as the barium salt, but was converted 
to the sodium salt before use. Purine was kindly supplied by Dr. Adrien 
Albert. All other compounds described in this paper were synthesized in 
these laboratories. 


Results 


The ability of various natural purines, ribosides, and ribotides to support 
the growth of the MPR strain of L. casei in a folic acid-free medium con- 
taining thymine is shown in Fig. 1 and Table I. Unlike the wild strain, 
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2. 3 67 10 20 30 
PURINE % PER ML 
Fia. 1. Growth of mutant with various purines. The medium contains 1 y per ml. 


of thymine and one of the following: Curve A, adenine; Curve G, guanine; Curve H, 
hypoxanthine; Curve X, xanthine. 


which utilizes adenine, guanine, xanthine, and hypoxanthine equally well 
(8, 9), this mutant cannot grow with hypoxanthine and uses adenine for 
growth much less efficiently than either guanine or xanthine (Fig. 1). Of 
the ribosides, guanosine supports growth best, adenosine is poorer, while 
xanthosine and inosine are utilized only slightly. As with the wild strain, 
the ribosides are, in general, poorer growth promoters than the correspond- 
ing free purines. This difference between the purine and its riboside is 
particularly striking with the mutant in the case of xanthine and xan- 
thosine. Of the nucleotides tested, only guanylic acid supported growth 
well. It is not known what proportions of a and b isomers were present 
in this guanylic acid. If this mutant shows the same relative responses 
to the two guanylic acid isomers as do the wild strain (10) and the diamino- 
purine-resistant strain (4), the guanylic acid b content of this mixture 
would be responsible for most of the growth. In that case, guanylic acid 
b might well be as active or more active than free guanine. The inability 
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TaBie | 
Growth-Promoting Effects of Purine Derivatives on Mutant Strain of L. casei in OT 
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he Medium contains 1 y per ml. of thymine. 
2d Compound Concentration Acid production 
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ed | ¥y per ml. ml. 0.1 N acid per 10 ml. 
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E GUAHORING t)):ac60. Aes ee 3 | 1.3 
I ee ae er ee 12 | 1.8 
i re ee es eee 48 3.3 
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f Oe eauheies berg Sila eo eat ea ee 11 [ee 
i Aa Soe ESET Oe Ween Re Reb 44 1.3 
: Adénylic’ aeid'a... 05.0. 4 1.0 
4 < CO obec lage one Ware aeeee 16 1.2 
. ss SSS A SA 2 a Se 64 1.6 
t es Se SB att Vick otal nt eer eee 4 1.0 
es OE se cca eee 16 L:3 
ee Oo EE eS ae 64 1.5 
GUAT VCIACIO: oi 6 fete i.e oom 4 | 1.7 
she, Sa SU ee Lae 16 3.5 
ee OED egg dis PS ROL OR ee 64 5.0 
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ml e CE tone chee 64 1.4 
H j 6-Mercaptopurine...........:.......:- 100 0.8 
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vell § TaBLe II 
for Comparison of Folic Acid Requirements of Wild and Mutant Strains of L. casei 
Of Acid production, ml. 0.1 N acid per 10 ml. 
hile | Folic acid sac aiid testament 
ain, Wild | Mutant 
nd- mugm. per ml. 
eis | 0 1.0 0.6 
-an- 0.025 4.2 2.8 
wth ' 0.05 6.9 4.4 
‘ 0.1 9.8 6.5 
sent | 0.2 11.5 | 9.0 
nses 0.4 | 12.6 10.8 
ino- | 0.8 13.0 12.0 
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of this mutant to utilize adenylic acid 6 for growth is in marked contrast 
to the behavior of the wild and diaminopurine-resistant strains (4, 10). 


TaBLe III 
Reversal of Effects of Purine Antagonists on Mutant Strain by Purines in OFA Medium 
This medium contains 0.05 mugm. of folic acid per ml. 





























Supplement* 
Antagonist ene None | — | Thyra | a Xanthine 
Per cent change in titer 
¥ per mil. 
2,6-Diaminopurine.......... 1 —37 
So tenet i tener 10 —70 
: Ne I core, Peer er 100 —95 —29 —84 —75 —88 
Pee RRENO is las (ds! Sac aes Renesas 1 —48 
ibe Le SP Rs: AROS igo vio anie Maree 10 —85 —20 —84 —80 —90 
8-Agaadenine............... 1 —20 
es Ree 5 —74 —30 —56 —28 —74 
ee Meee eet, —94 —40 —90 —88 —94 
8-Azahypoxanthine......... 5 —58 
ah Be reer ee, —70 —27 0 —36 0 
S-ASARUANING. .....5.....4..5. 0.1 —68 | 
leo dn) fen eranbiras tae, See 1 —94 —25 0 —65 +20 
ou a MRR eee CARN ere 5 —94 —52 —10 —86 —54 
8-Azaxanthine.............. 1 —80 —45 0 —30 | +15 
. Sener ere ar. —92 | -91 o}| -s0 | oO fF 
a eer ee ae —95 —93 0 —93 | —40 j 
2-Amino-6-mercaptopurinef. . 20 +15 | 
ee -«:| 200 +27 | 
6-Mercaptopurine............ 100 0 
Ser Ay STEAD tat Sst Ae 500 —15 
* All supplements were added at a concentration of 10 y per ml. i 


+ The preparation of thioguanine completely free from guanine has proved diffi- 
cult. The stimulatory effect of thioguanine in OT medium was greatly reduced but 
not eliminated after purification on a paper chromatogram. It seems probable, but 
is not yet definitely established, that all the stimulatory effects are due to traces of 
guanine. 


The resistance to 6-mercaptopurine is obviously not the result of an ac- 
quired ability to utilize this purine for growth purposes, since the mercapto- 
purine fails to serve as the sole source of purine for growth (Table I) and 
does not appear to stimulate growth when in the presence of other purines. [| 

It was noted in experiments with the mutant in folie acid-containing 
media that the control titer was consistently lower than that obtained with 
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the wild strain. A comparison of the growth-promoting effect of folic 
acid on the two strains is given in Table II. It is apparent that the folic 
acid requirement of the mutant is about twice as great as that of the wild 
strain. It was thought that this increased folic acid requirement might 
make the mutant more sensitive to folic acid antagonists. However, when 
the ‘‘anti-folic” 2 ,4-diamino-5-p-chlorophenyl-6-ethylpyrimidine (11) was 
tested in the OFA medium, it was not found significantly more active for 
the mutant (50 per cent decrease in titer at 3 y per ml.). 

It had been observed with the diaminopurine-resistant mutant that the 
changes in purine metabolism accompanying the mutation had resulted in 
a number of changes in the response of the microorganism to purine an- 
tagonists (2). Similar studies were carried out with the MPR mutant 
(Table III). This strain, which is over 200 times as resistant to 6-mercap- 
topurine as the wild strain, is cross-resistant to 2-amino-6-mercaptopurine. 
The exact extent of the increased resistance to these mercaptopurines is 
difficult to determine because of their insolubility at concentrations higher 
than those reported. The MPR mutant also has a somewhat increased re- 
sistance to 2,6-diaminopurine (about 20-fold) and to purine (about 10- 
fold), but remains essentially as sensitive as the wild strain to the 8-aza- 
purines (2, 7). In the wild strain the effects of high concentrations of 2 ,6- 
diaminopurine, purine, and 8-azaadenine are overcome specifically by 
adenine; the same is true for this mutant. 


DISCUSSION 


Reversal studies with 6-mercaptopurine (2) failed to indicate that its 
locus of action might be specifically along the metabolic pathways of any 
particular purine. Nevertheless the resistant mutant shows a number of 
specific responses to exogenous purines and antagonists which suggest that 
the action of the analogue is related to adenine and hypoxanthine metabo- 
lism. This is shown by a decreased utilization of adenine and adenylic 
acid b and a virtual inability to use hypoxanthine for growth purposes. 

A diminished ability to use adenine is common to the MPR and diamino- 
purine-resistant strains of L. casei, but it is clearly the result of a different 
alteration in metabolism in each. The diaminopurine-resistant strain 
shows cross-resistance to a number of antagonists which, like diamino- 
purine, are reversed specifically by adenine in the wild strain. The MPR 
mutant, on the other hand, is sensitive to substances, like 8-azaadenine and 
purine, which fall in this class. Moreover, with this mutant, the effects of 
these antagonists can be overcome by adenine, just as with the wild strain. 
There thus appear to be two distinct pathways for the metabolism of 
adenine. In Fig. 2 this has been diagramed with arrows leading from 
adenine (Ad) to AdR and AdM, respectively. AdM is viewed as an aden- 
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ine-containing specific metabolite, the existence of which was previously 
deduced from studies on the incorporation of diaminopurine and on the 
metabolism of the diaminopurine-resistant strain of L. casei. The sugges- 
tion has been made (2) that the specific adenine antagonists, 2 ,6-diamino- 
purine, 8-azaadenine, and purine, are incorporated along the pathway 
Ad — AdM and that this pathway is eliminated in the diaminopurine-re- 
sistant strain. Since reversal studies indicate that this pathway is retained 
in the MPR mutant, another change in metabolism must be sought in the 
latter. 

A possible explanation of the mode of action of 6-mercaptopurine is di- 
agramed in Fig. 2. If the main pathway for the conversion of adenine to 
guanine in L. casei includes a hypoxanthine-containing metabolite (HypR),* 


Hyp Ad——— AdM 


HypR<—— AR 
A B l 


XaR-———> GuR 





2 tg [ Polynucleoti des | 








Xa Gu 


Fig. 2. Diagrammatic representation of metabolic reactions in which 6-mercapto- 
purine and 2,6-diaminopurine may be involved. Consult the text for detailed ex- 
planation. 


< 


6-mercaptopurine may interfere with the conversion of this substance into 
the corresponding guanine metabolite (GuR) along pathway A. It would 
be a necessary corollary of this view that the main pathway from guanine 
to adenine involves a different route, B. The resistant mutant, by the 
elimination of pathway A, would thereby have lost its ability to grow on 
hypoxanthine and greatly reduced its ability to use adenine, but would 
have retained its ability to grow on xanthine and guanine, since these 
purines would still be capable of supplying the adenine requirement by 
pathways which are unaffected. 

In this, and in previous studies with drug-resistant mutants, resistance 
appears to have been developed by the elimination of the metabolic path- 


3 AdR, HypR, GuR, and XaR are meant to represent the adenine-, hypoxanthine-, 
guanine-, and xanthine-containing metabolites at the metabolic level at which the 
interconversions occur, without an attempt to specify the precise nature of the 
metabolite. 
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way primarily affected by the drug. At least the assumption that this is 
so has led to views of the modes of action of the drugs which are consistent 
with the known facts. Further studies of drug-resistant organisms should 
contribute to an evaluation of the pertinence of this principle to problems 
of drug resistance in general. 


SUMMARY 


A 6-mercaptopurine-resistant strain of Lactobacillus casei grows well with 
xanthine and guanine, but grows poorly on adenine and adenylic acid b 
and scarcely at all on hypoxanthine. Its requirement for folic acid is meas- 
urably higher than that of the wild strain. The MPR strain is sensitive 
to adenine antagonists such as 2,6-diaminopurine and 8-azaadenine, and 
the effects of these inhibitors are counteracted specifically by adenine. 
These facts lend support to a previous suggestion that two distinct routes 
are involved in the metabolism of adenine. 

The suggestion is put forward that a hypoxanthine-containing metab- 
olite may be an intermediate in the conversion of adenine to guanine in L. 
casez, and its transformation to a guanine-containing substance is viewed 
as a possible site of action of 6-mercaptopurine. 


BIBLIOGRAPHY 


1. Elion, G. B., Hitchings, G. H., and VanderWerff, H., J. Biol. Chem., 192, 505 
(1951). 

2. Elion, G. B., Singer, S., Hitchings, G. H., Balis, M. E., and Brown, G. B., J. Biol. 
Chem., 202, 647 (1953). 

3. Clarke, D. A., Philips, F. 8., Sternberg, 8S. S., Stock, C. C., and Elion, G. B., 
Proc. Am. Assn. Cancer Res., 1, 9 (1958). 

4, Elion, G. B., VanderWerff, H., Hitchings, G. H., Balis, M. E., Levin, D. H., and 
Brown, G. B., J. Biol. Chem., 200, 7 (1953). 

5. Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., Anal. Ed., 11, 346 (1939). 

6. Hitchings, G. H., Elion, G. B., Falco, E. A., Russell, P. B., Sherwood, M. B., and 
VanderWerff, H., J. Biol. Chem., 183, 1 (1950). 

7. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 187, 511 (1950). 

8. Stokstad, E. L. R., J. Biol. Chem., 139, 475 (1941). 

9. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 185, 651 (1950). 

0. Balis, M. E., Levin, D. H., Brown, G. B., Elion, G. B., VanderWerff, H., and 
Hitchings, G. H., J. Biol. Chem., 200, 1 (1953). 

11. Hitchings, G. H., Falco, E. A., VanderWerff, H., Russell, P. B., and Elion, G. B., 
J. Biol. Chem., 199, 43 (1952). 














GLUCOSE, GLUCONATE, AND 2-KETOGLUCONATE OXIDATION 
BY ACETOBACTER MELANOGENUM* 


By H. KATZNELSON,f{ 8S. W. TANENBAUM, }{ anv E. L. TATUM 


(From the Department of Biological Sciences, Stanford University, Stanford, 
California) 


(Received for publication, February 20, 1953) 


During recent years there has been renewed interest in the course of 
oxidation of glucose via gluconic acid, both because it provides a mechanism 
for pentose formation (1) and because it appears to represent an alternate 
source of trioses (2, 3) considered heretofore to originate only by way of 
the reactions commonly referred to as the Embden-Meyerhof mechanism. 
Present evidence suggests that glucose may be oxidized to gluconic acid, 
and this in turn to 2- or 3-ketogluconic acid. Decarboxylation of the 
latter substances then yields pentose; trioses may arise from pentose by a 
C.—C; split (3), or directly from gluconic acid by a C;—C; split, as re- 
ported by Entner and Doudoroff (2). 

Direct oxidation of sugars has been found with molds, Pseudomonas sp., 
and, particularly, Acetobacter sp. Studies with Acetobacter sp. have shown 
the existence of oxidative patterns which often lead to the accumulation of 
large amounts of incomplete oxidation products such as gluconic and 5- 
ketogluconic acids, which can be readily manufactured on a large scale 
with the aid of Acetobacter gluconicum and Acetobacter suboxydans. 

Another member of this group, Acetobacter melanogenum, has not yet 
been investigated in this respect in sufficient detail. That it carries out 
incomplete oxidation is indicated by its failure to oxidize ethanol beyond 
the stage of acetic acid and by the fact that it produces dihydroxyacetone 
from glycerol. Particular interest attaches to this species, however, be- 
cause its sugar metabolism appears to be peculiar. It is known that cul- 
tures in glucose solutions, both in yeast extract (4) and in synthetic medium 
(5), always turn a dark brown in time; this has never been observed with 
cultures in which glucose is replaced by ethanol or glycerol. The brown 
discoloration therefore seems to be directly associated with glucose oxida- 
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tion, indicating an unusual type of degradation. For this reason detailed 
studies were initiated. 


Methods and Materials 


A. melanogenum strain MA 6.2 of the Hopkins Marine Station culture 
collection was used. It was routinely grown in a medium composed of 
10 per cent yeast autolysate, 2 per cent glucose, and 0.36 per cent CaCO; 
in tap water. The medium, sterilized in 500 ml. amounts in Fernbach 
flasks, was inoculated with a suspension of cells from yeast-glucose-CaCO; 
agar slants and incubated at 28° for 48 hours on a rotary shaker. After 
this period little, if any, CaCO; remained in the solution, and the cells were 
harvested by centrifugation, washed once in tap water, and used as sus- 
pensions in 0.05 m or 0.01 m phosphate buffer at pH 6.0, or in distilled water, 
adjusted to pH 3.5. The density of the suspensions used for manometric 
experiments corresponded to a Klett reading of approximately 400 with a 
660 my filter. 2 ml. aliquots of such suspensions were used per vessel. 

Cell-free extracts were prepared by the method of McIlwain (6). After 
washing and concentrating by centrifugation, the cells were ground with 
slightly more than twice their wet weight of levigated alumina powder and 
mixed with about 6 parts of 0.05 m phosphate buffer at pH 6.0. The sus- 
pension was spun in a Servall centrifuge in the cold at about 12,000 r.p.m. 
for 5 to 10 minutes. The supernatant liquid was used at once, or frozen 
and stored for later use. All manometric experiments were performed with 
the standard Warburg apparatus. 


Results 


Oxidations by Resting Cell Suspensions—Washed cell suspensions of A. 
melanogenum invariably had a negligible endogenous metabolism. The 
addition of glucose resulted in a rapid O2 consumption, the amount used 
per mole of glucose depending upon the age of the cells (Fig. 1). With 
freshly harvested cells from a young culture, O2 uptake approached 2 moles 
per mole of glucose, and was accompanied by the liberation of about 1 
mole of COs. Cells that had been stored for 24 to 72 hours at low tempera- 
tures generally took up only about 1.5 moles of O2 per mole of glucose, and 
produced little CO. in the process. Similar results were obtained with 
fresh cell suspensions in the presence of 1.25 X 10-* m 2,4-dinitrophenol 
(DNP). 

The results suggest that the metabolic activities of older cells are more 
restricted than those of young cells, as has also been found for A. suboxydans 
(7, 8). The data on Oy utilization and CO: production for old cell sus- 
pensions are compatible with an oxidation of glucose to saccharic acid or 
to a diketo- (or aldehydoketo-)gluconic acid. Since it was found that a 
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solution in which all of the glucose had been oxidized contained substances 
that reduce alkaline copper reagent in the cold, and that, per mole of glu- 
cose oxidized, only one carboxyl group is generated (see below), saccharic 
acid can be ruled out as the major oxidation product, leaving a conversion 
according to the equation: 


(1) Glucose + 1.502 — diketogluconic acid 
as the more probable. 
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TIME IN MINUTES 

Fia. 1. Oxidation of glucose by A. melanogenum, as influenced by the age of the 
cells and DNP. The vessels contained 2 ml. of cell suspension in 0.05 m phosphate, 
pH 5.9; 5 um of glucose; 0.3 ml. of 10-? m DNP or water; total volume, 2.4 + 0.2 ml. 
10 per cent KOH in the center well; endogenous values not subtracted. Solid line, 
oxygen; dash line, carbon dioxide; @, freshly harvested cells; O, cells after 3 days 
at 4°; ©, fresh cells + DNP; A, aged cells + DNP. 


On the basis of present biochemical concepts, this mode of oxidation 
would require that gluconic and ketogluconic acids be intermediate prod- 
ucts. Gluconic acid is readily oxidized, as is 2-ketogluconic acid,! es- 
pecially at pH 3.5 where the oxidation proceeds faster than at pH 6, prob- 
ably owing to a better penetration of the undissociated acids into the cells. 
Oxidation of 5-ketogluconic acid could not be detected. 

Suspensions of ‘‘old” cells consumed approximately 1.0 and 0.5 moles of 


1 We should like to thank Dr. F. H. Stodola and Dr. P. Regna for the Ca 2-keto- 
gluconate used in this investigation. 
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O2 per mole of gluconic and 2-ketogluconic acids, respectively. With sus- 
pensions of freshly harvested “‘young” cells, the amounts of Oy utilized were 
larger and CO: was evolved. 
The production of an acid during the oxidation of glucose was demon- 
strated with suspensions in dilute bicarbonate solutions by measuring resid- 
ual bicarbonate at regular intervals, as described by Stokes (9). For this 
purpose suspensions in 0.06 per cent NaHCO; were used; the gas phase 
consisted of a mixture of 20 per cent CO. in air. These experiments showed 
that 1 acid equivalent was formed from glucose; no acid production could 
be detected when gluconic or 2-ketogluconic acid was used as substrate. 


TABLE I 


Acid Production from Glucose As Related to Oxygen Consumption by Intact Cells of 
A. melanogenum* 





| Acid as COs liberated | 





| from NaHCOs [| —— | Os: COs 

min. | pl. an ‘il ma a 
0 | 0 | 0 0 

10 | 69 83 1.20 
20 97 119 1.23 
30 104 129 1.24 
40 | 112 142 1.27 
50 | 110 142 1.29 


* The vessels contained 2 ml. of cell suspension in 0.06 per cent NaHCO; equili- 
brated with 20 per cent CO:2-air mixture, 0.1 ml. (5 um) of glucose, 0.4 ml. of 10-2? m 
DNP, gas phase, 20 per cent CO: in air, and 0.2 ml. of 10 per cent H.SO, tipped in 
at 10 minute intervals. 





Studies on the oxidation of glucose to 5-ketogluconic acid by A. suboxy- 
dans (8) have indicated that here the oxidation proceeds in a clearly defined 
stepwise manner, all of the glucose being first converted to gluconic acid 
with a subsequent oxidation of the latter to 5-ketogluconic acid. If the 
oxidation by A. melanogenum were to follow this pattern, the ratio of O, 
consumed to acid produced should be 0.5 during the early phase of the 
process. As shown by the data of Table I, this is not the case; even as 
early as 10 minutes after the addition of glucose, when only 63 per cent of 
the maximal amount of acid had been formed, 2.4 times the corresponding 
theoretical amount of O, had been utilized. This implies that gluconic 
acid was further oxidized in the presence of residual glucose, a phenomenon 
also observed by Stubbs e¢ al. (10) in their studies on the oxidation of glu- 
cose to 2-ketogluconic acid by Pseudomonas sp. 


Further evidence in support of this contention was provided by paper 


chromatographic analysis of glucose solutions partially oxidized by suspen- 
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sions of A. melanogenum. For this purpose, cell suspensions in 0.01 m 
phosphate buffer, or in distilled water, to reduce salt effects during chroma- 
tography to a minimum, were shaken in the presence of 10 um of glucose 
per ml., and samples were removed at regular intervals over a period of 2 
hours. The cells were spun down and amounts of supernatant liquid 
corresponding to 40 to 50 y of substrate (0.02 to 003 ml.) were placed on 
Whatman No. 1 filter paper and dried. Separation of components was 
achieved with n-butanol-acetic acid-water ((11) Solvent A), and the 
chromatogram developed with brom phenol blue or p-anisidine hydro- 
chloride £12) in butanol. Glucose, ribose, lactose, arabinose, and xylose, 
gluconic, 2- and 5-ketogluconic, saccharic, glutaric, a-ketoglutaric, glu- 
curonic, ascorbic, pyruvic, and kojic acids, glyoxal, dihydroxyacetone, glu- 
curonolactone, and gluconolactone were used as reference compounds. 

It was found that even after 5 minutes incubation the solutions contained, 
besides much residual glucose, a substance yielding a pink-purple spot with 
p-anisidine, identical in color and position to that produced by 2-keto- 
gluconic acid. Soon thereafter a second product appeared; its behavior 
did not correspond to that of any of the reference compounds. It moved 
with an R, value slightly smaller than that characteristic for 2-ketoglu- 
conate, produced a yellow spot with p-anisidine, and was acidic towards 
brom phenol blue. In the course of time the intensity of the glucose spot 
diminished and that of the ketogluconate spot remained fairly constant, 
while that of the yellow spot increased. After 2 hours only the last one 
remained. 

Similar experiments with gluconic acid instead of glucose as a substrate 
showed that here, too, 2-ketogluconic acid and the final product, producing 
the yellow spot, were present at the same time, and appeared practically 
from the start. Tests with 2-ketogluconic acid revealed its gradual disap- 
pearance, and replacement by the same end-product. Other solvent sys- 
tems used in following the stepwise course of the reaction by means of 
paper partition chromatography were ascending water-saturated phenol 
(Solvent B) and descending water-saturated isobutyric acid (Solvent C). 
With aniline hydrogen oxalate (13) as a developing agent, the unknown 
product appeared as a green-yellow spot which did not fluoresce under the 
ultraviolet lamp. With descending Solvent C, the system adopted for 
routine analysis of reaction mixtures, after 24 hours flow, typical Rg values 
(the ratio of the distance the substrate traveled with respect to glucose) 
were 2-ketogluconate 0.85, unknown compound 0.59. 

From the above observations it was concluded that the oxidation of 
glucose does not lead to a preliminary accumulation of the corresponding 
amount of gluconic or 2-ketogluconic acid, but that the oxidation of these 
two intermediate products occurs concomitantly with the production of the 
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unknown acid. The fairly constant and high ratio of O2 used to acid pro- 
duced (Table I) further implies that not even ketogluconic acid accumulates 
to an appreciable extent. It seems probable that these results must be 
ascribed to the very low glucose concentrations used (2 per cent or less); 
in the presence of high substrate concentrations the picture is quite differ- 
ent, and large amounts of gluconic acid can be isolated from a culture of 
A. melanogenum in yeast extract with 10 per cent glucose and 3 per cent 
CaCOs. 

Some observations on O2 uptake and CO: production by suspensions of 
“young” cells (e.g., Fig. 1) suggested that such organisms may carry out a 
further single step oxidation of the diketogluconic acid to a ketopentonic 
acid. Special experiments on the quantitative relations between substrate 
oxidized, O2 consumed, and CO, produced suggest that the ‘‘young”’ cells 
carry out a much more complicated oxidation, which is accompanied by a 
considerable oxidative assimilation of substrate-carbon. This particular 
phase has not been pursued further. 

Oxidations by Cell-Free Extracts—Extracts of alumina-ground cells of A. 
melanogenum can oxidize glucose, gluconic, and 2-ketogluconic acids. The 
results of representative experiments on the oxidation of the acidic sub- 
strates are presented in Fig.2. It will be seen that the oxidation of gluconic 
acid proceeds with the rapid consumption of 1 mole of O2 per mole of sub- 
strate, while that of 2-ketogluconic acid involves only 0.5 mole of Oy. 
Following this initial phase, during which CO, is not evolved, a second, 
very slow reaction can be observed in which CO, is produced. The O, 
uptake and CO: production during this second stage represent an approxi- 
mately 1:2 relationship. It must, however, be emphasized that the rate 
of O2 consumption is not significantly different from that of the endogenous 
control solution, so that it is doubtful whether the process of CO, liberation 
is connected with substrate oxidation. It might easily represent a spon- 
taneous decomposition of the primary oxidation product. In the course of 
time the solutions take on a brownish tinge. 

Numerous experiments with such cell-free extracts have shown that the 
results are in agreement with those obtained with suspensions of “‘old’’ cells 
or of “‘young”’ cells in the presence of DNP. The chemical reactions of the 
oxidation products are also fully comparable. For the purpose of isolating 
or characterizing these products, the use of cell-free extracts is less advan- 
tageous than that of resting cell suspensions, largely because of the intro- 
duction with the former of a considerable amount of extraneous material. 
It should be emphasized, however, that the ease with which an active 
enzyme extract can be prepared should open the way to a characterization 
of the enzyme components. 

Characterization of Main Oxidation Product—For the following studies the 
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oxidation product was prepared as a solution by permitting heavy suspen- 
sions of A. melanogenum in water to act on appropriate substrates, usually 
Ca gluconate (concentration 20 uM per ml. at pH 3.5 to 5.7), until the requi- 
site amount of O2 had been absorbed. The cells were then removed by 
centrifugation and the supernatant solution stored in a frozen state, or 
lyophilized and kept in a desiccator at low temperature. 

The substance is very unstable; its solutions cannot be concentrated, 
even in vacuo at room temperature, without decomposition, which is always 
accompanied by the appearance of a brown color. It rapidly reduces the 
Luff-Schoorl alkaline copper reagent (14) and Benedict’s solution in the 
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Fia. 2. Oxygen uptake and carbon dioxide evolution by cell-free preparations of 
A. melanogenum. The vessels contained 0.4 ml. of cell-free extract in 0.05 m phos- 
phate at pH 5.9; 1.6 ml. of 0.05 m phosphate; 5 um of substrate; total volume, 2.1 ml. 
+ 0.2ml. 10 per cent KOH in center well; endogenous values not subtracted. Solid 
line, oxygen; dash line, carbon dioxide; @, Ca gluconate; O, Ca 2-ketogluconate; 
A, endogenous. 


cold. It fails to give a positive orcinol test (15), nor does it react with 
ferric chloride even upon the addition of alkali. Ascorbic acid treated 
similarly produced its characteristic color with the latter reagent. The 
unknown oxidation product immediately reduces 0.1 N silver nitrate solu- 
tion, a reaction typical of ascorbic and hydroxypyruvic (16) acids. Cal- 
cium 2-ketogluconate does not give this reaction. 

From solutions obtained through the oxidation of Ca gluconate or Ca 
2-ketogluconate with aged cells, followed by centrifugation and immediate 
large scale lyophilization of the centrifugate, there is obtained a pale yellow 
calcium salt. After several reprecipitations from a small volume of water 
by the addition of absolute alcohol, followed by drying in vacuo, a pale 
yellow friable powder reminiscent of Ca glutamate is obtained. Every 
effort to isolate this material as the free acid has been fruitless. 

At neutral pH the calcium salt shows an absorption maximum at 305 
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my (Fig. 3). Raising the pH to 9 does not displace this maximum, al- 
though the optical density is somewhat diminished. Lowering the pH to 
1 shifts the maximum to 280 my. Raising the pH of an acidified solution 
to 8 does not displace the peak back to 305 my; instead, the solution turns 
brown. It was observed that at the end of several hours the absorption 
of the solutions falls off, regardless of the pH of the medium, although there 
is no change in the wave-length of maximal absorption. Diminution of 
optical density with time due to oxidation occurs with ascorbic acid (17), 
while the shift of the maximum towards the lower wave-lengths upon 
acidification has been associated with enediol compounds such as ascorbic 
and dihydroxymaleic acids (18). 
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Fig. 3. Absorption spectrum of approximately 6.5 X 10-5 m Ca 2,5-diketogluco- 
nate in aqueous solution. 


All of the reducing power of a solution of diketogluconic acid is absorbed 
by Duolite A-2 anion exchange resin, indicating that such neutral active 
reducing compounds as methylglyoxal or dihydroxyacetone are not pro- 
duced in the oxidation of the substrates. Reducing power of the best 
preparations of the Ca diketogluconate (chromatographically pure) by the 
method of Stiles e¢ al. (19) gave a value (with respect to glucose) of 58 per 
cent. 2-Ketogluconate had a reducing value of 86 per cent under identical 
conditions. The reported values for 2-ketogluconate and 5-ketogluconate 
are respectively 87 and 80 per cent (10). However, it might be expected 
that the competing action of warm alkali in the reducing mixture would 
rapidly destroy much of the diketogluconate molecule, thus lowering the 
amount available for copper reduction. 

The presence of reactive carbonyl groups is substantiated by the rapid 
formation at room temperature of ill defined reaction products (osazones) 
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with phenylhydrazine and 2,4-dinitrophenylhydrazine. Although these 
presumptive osazones are soluble in acetone, ethyl acetate, dioxane, and 
to a lesser extent in benzene and toluene, and may even be extracted from 
these organic solvents by alkaline carbonate solutions, it has not been pos- 
sible to obtain clean compounds by these procedures. With increased 
attempts at manipulation and purification, these derivatives become more 
amorphous and turn darker. Attempts to prepare a good semicarbazone, 
oxime, or hydrazone were also unsuccessful. Treatment with o-phenyl- 
enediamine failed to give insoluble condensation products; there was in 
addition no observable reaction with aniline citrate (20). These last ob- 
servations suggest the absence of a carbonyl group at the 3 position. 

Periodic Acid Oxidation—Treatment of the unknown presumptive diketo- 
gluconic acid with periodic acid resulted in the formation of oxalic and 
glycolic acids. No formaldehyde was detected among the products of 
this reaction. These moieties were identified by ascending partition chro- 
matography by employing a modification of the methyl benzoate-n-propyl 
alcohol-formic acid-water (21) solvent with brom phenol blue as the de- 
veloping agent, and by direct isolation from the reaction mixture. It is 
assumed that formic acid is the third product of this oxidation, although 
it was not isolated, nor could it be detected by the above solvent system. 
On the basis of an empirical formula (CgH70;),.Ca-2H20 indicated by 
proximate analysis of the calcium salt, in 10 minutes 2.5 moles, and in 30 
minutes 2.75 moles, of periodate were consumed per mole of compound. 

The exact position of the two carbonyl groups can now be assigned to the 
molecule. The absence of formaldehyde after oxidation shows that the 
5 position is a carbonyl group rather than a secondary hydroxyl; this 
eliminates the 3 and 4 positions as sites for the former functional group, and 
the conclusion is confirmed by the isolation of glycolic acid. The other 
carbonyl group in the molecule is assigned to the 2-carbon by virtue of 
its derivation from 2-ketogluconic acid and by the isolation of oxalic 
acid. The only diketogluconic acid which fits these experimental data is 
2 ,5-diketogluconate. 


COOH COOH 

C=O COOH 
HO—C—H + 2HCOOH 

| + 3HI0. =_G” 
H—C—OH —_— 

| + HOCH,COOH 

Cc=0 

CH.OH + 3HIO; 
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Reduction of Diketogluconate to Gluconic Acid—In order to demonstrate 
unequivocally that the diketogluconate was indeed a 6-carbon entity, and 
to eliminate the outside possibility that the appearance of the products of 
the periodate reaction came from a fortuitous mixture of smaller fragments, 
attempts were made to reduce the compound. An aqueous solution of 
Ca diketogluconate was smoothly reduced to “gluconic acid” by the action 
of sodium borohydride. The products of the reaction were identified by 
paper partition chromatography (Solvent C). Starting with chromato- 
graphically pure Ca diketogluconate, the reduced reaction medium ex- 
amined in this fashion exhibited (a) loss of the single typical acidic, aniline 
hydrogen oxalate-reactive spot and (b) the appearance of a non-reducing 
acidic spot with a totally different Ry from that of the starting material. 
The compound so produced was identical with authentic gluconic acid.” 

Conversion of Glucose-1-C™ to 2 ,5-Diketogluconic Acid—Although all the 
evidence points to a direct oxidation of glucose, gluconate, and 2-keto- 
gluconate to 2 ,5-diketogluconate, the possibility cannot be precluded that 
some rearrangement of the molecule occurred in this series of transforma- 
tions. Accordingly, glucose-1-C™ was added to a suspension of A. melano- 
genum cells, aged 24 hours, in a Warburg vessel and oxidation was allowed 
to proceed. At the end of 70 minutes the rapid oxygen uptake ceased, 
and the slow evolution of gas began (presumably COs, since no KOH was 
present). At this point 48 per cent of the theoretical O2 required for the 
total conversion of glucose to 2,5-diketogluconate was consumed. The 
preparation was immediately cooled to 5°, the cells were centrifuged, and 
the centrifugate analyzed by direct plating of 0.1 ml. aliquots of this reac- 
tion mixture and of the stock glucose solution on Aleonox-rubbed aluminum 
planchets. The total activity of original glucose was 64,830 c.p.m. per 
ml., the total activity of the reaction mixture was 31,810 ¢.p.m. per ml. 
Conversion of glucose to soluble products (presumably to diketogluconate) 
was therefore 49 per cent. 

Further examination of the distribution of this radioactivity among the 
reaction products was carried out chromatographically. Accurately meas- 
ured aliquots, both of this reaction mixture and of the stock glucose-1-C™ 
which had been added as substrate, were spotted on Whatman No. 541 
paper and irrigated with Solvent C. After careful removal of all the residual 
isobutyric acid, the sheets were sprayed with brom phenol blue to mark the 
acid spots, and test strips were sprayed with aniline hydrogen oxalate for 
reducing sugars (Fig. 4). The activity was determined by examining the 


2 If, as seems likely, the method of reduction produced four isomers of gluconic 
acid due to the non-stereochemical introduction of hydrogen into the 2 and 5 posi- 
tions, these were not resolvable in this chromatographic system. The reduced 
product is therefore referred to as “‘gluconic acid.” 
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paper with an end window monitor, the active areas being marked with 
pencil. The paper was then cut into 1 inch squares and the radioactivity 
of each square was determined by placing the paper on an aluminum 
planchet and assaying with a gas flow windowless counter. The dried cells 
were also spread into an area 1 inch square and counted as above. From 
the results (Table II), the following conclusions can be drawn: (a) All of the 
activity in the oxidation mixture was present in an acidic, reducing spot, 
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Fria. 4. Schematic appearance of chromatogram after enzymatic conversion of 
glucose-1-C4 to 2,5-diketogluconate-1-C'4. G-1-C", stock radioactive glucose; G, 
glucose control; RM, reaction mixture; DKG, diketogluconate control. 


with an Ry value comparable to known diketogluconate on a test strip; 
(b) no glucose was left in the reaction mixture (apparently it had been 
assimilated into the cells). (c) The total radioactivity in the diketoglu- 
conate area (Spots 3, 4, and 5) corresponded to 49 per cent of the total 
activity of the original glucose (Spots 7A, 8A). This agrees well with the 
manometric data for the oxidation of glucose to diketogluconate. (d) 109 
per cent of the total activity of the original glucose was recovered in the 
cells and the assayed paper squares of the oxidation mixture. 

Degradation of 2 ,5-Diketogluconate-C'\—Attempts to remove the carboxyl 
carbon selectively presented several difficulties. Ceric sulfate oxidation in 
10 n H2SO, (22) and even in 1 N acid gave 3 moles of CO: per mole of Ca 
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diketogluconate. Although all the total activity of the starting glucose 
was recovered as COz, its specific activity was one-third of that calculated, 
so that no conclusions as to distribution of activity could be drawn from 
this experiment. Hydrolysis with 8 per cent H2SO,, used successfully for 
the degradation of ascorbic acid-1-C™ (23), failed to produce any COs. 


TaBLeE II 
Conversion of Glucose-1-C'4 to 2,5-Diketogluconate-C™ 
The Warburg vessel contained 2.7 ml. of stock glucose-1-C", 0.3 ml. of cell ‘suspen- 
sion in the side arm, and no KOH in the center well. Gas phase, air; shaken at 29°. 
0.05 ml. aliquots of stock radioactive glucose and of the reaction mixture were pi- 
petted onto the origins of the paper. 




















1 inch squares cut from glucose-1-C™ origin | 1 inch squares cut from reaction mixture origin 
Square No.* Activityt | Square | Activityt 

—— ———__—__—_  — - ---—-—— a os ~~ -— - |-—_—_—__ 

7A 3268 2 32 

8A 1188 3 247 

JC RS ree 4456 4 1552 

| 5 167 

| a 

| Total, Squares 3-5....... 1966 

6 153 

7 88 

| 8 42 

we ee ae ee ee 

| Total, Squares 2-8. . veeee| 2281 

Total activity of dried cells on planchet...................... 2121 

IGUBIPACULVILY FOCOVOIOOT. 656 c sha 6s siese sje eeecnsewiess senna 4402 


* Refer to Fig. 4 for the location of the squares. 
+ Expressed as total counts per minute per 1 inch square of chromatogram. 
4402 X 3 


Per cent radioactivity recovered = ——— ° 
tf Per cent radioactivity r r 4456 X 2.7 


X 100 = 109 per cent. 


Treatment with NaN; and H.SO, (Schmidt reaction) at room temperature 
produced a black pigmentation without any CO, evolution. The problem 
was resolved by the use of an organic model decarboxylase, 3-aminooxin- 
dole, which smoothly decarboxylated the Ca salt in a phenol melt (24). 
The CO: produced in this manner had a specific activity of 320 c.p.m. per 
mg.; calculated, 370 c.p.m. per mg. This demonstrates that the oxidation 
of glucose through gluconate and 2-ketogluconate to 2 ,5-diketogluconate 
by A. melanogenum is a direct process. 
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EXPERIMENTAL 


Preparation and Isolation of Ca 2,5-Diketogluconate—A. melanogenum 
was grown in five 3 liter Fernbach flasks, each containing 500 ml. of the 
medium described under “Methods.” The cells were centrifuged, washed 
with tap water, and aged at 5° for 24 hours. 500 mg. of Ca gluconate: H,O 
in 350 ml. of distilled water were added to a suspension of the aged cells 
contained in a modified atmospheric pressure-catalytic hydrogenation ap- 
paratus. The gas phase in the eudiometer was air. The mixture was 
stirred magnetically. 38 ml. of oxygen (76 per cent of theory) were taken 
up in 175 minutes, at which point gas uptake stopped and a slow gas evolu- 
tion began. The mixture was centrifuged and the centrifugate was lyo- 
philized to dryness. Paper chromatographic examination of this product 
showed it to be relatively pure diketogluconate. Only a single acidic and 
aniline hydrogen oxalate-reactive spot was apparent. Samples of Ca 2,5- 
diketogluconate prepared in this manner were always extremely electro- 
static and difficult to handle. Accordingly, the lyophilized preparations 
were taken up in a small amount of water and precipitated by the addition 
of alcohol. After repeating this treatment several times, the precipitate 
was centrifuged and dried in vacuo over P.O; at room temperature. It was 
not possible to obtain a good analysis on these samples. The best proximal 
analyses suggest an empirical formula Ca (CsH;O7)2.-2H.O. This assumed 
formula was used in obtaining the approximate reducing values and perio- 
date consumption data. 

Periodic Acid Oxidation—100 mg. of Ca diketogluconate in 20 ml. of wa- 
ter were treated with 450 mg. of HIO,-H.O. Samples withdrawn from the 
reaction mixture and analyzed by ascending chromatography indicated the 
presence of oxalic and glycolic acids, besides iodic acids (ascending methyl 
benzoate-n-propyl alcohol-formic acid-water solvent, brom phenol blue 
spray). Addition of CaCO; to the solution, followed by concentration to 
small volume, precipitated the calcium salts of oxalic, iodic, and periodic 
acids. The filtrate was concentrated further, cooled, and alcohol was added 
to 70 per cent concentration by volume. Seeding with Ca glycolate pro- 
duced a white gelatinous, semicrystalline precipitate, which was filtered off 
and dried. To 30 mg. of this Ca glycolate in 6 ml. of 50 per cent alcohol 
were added 50 mg. of p-brom phenacyl bromide, and the homogeneous 
mixture was refluxed 6 hours. Upon cooling, a first precipitate of excess 
reagent was removed; then concentration afforded plates of the p-brom 
phenacy] ester of glycolic acid. After recrystallization from water-alcohol, 
the product melted at 142-143°; mixed melting point with an authentic 
sample prepared as above, 143-144°. Both isolated and authentic esters 
showed the tendency of partially subliming at 125-126°. 

To 1.1 gm. of the dried mixture of Ca oxalate, Ca carbonate, and inor- 
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ganic Ca salts were added 40 ml. of 1.5 nN H.SO,. The CaSO, was removed 
and the filtrate was extracted with ether continuously for 24 hours. Upon 
evaporation of the ethereal extract to dryness, crystals of oxalic acid-2H,O 
remained. These were purified by sublimation; m.p. 185°; melting point 
of sublimed authentic oxalate-2H.O, 186-187°; mixed melting point, 185- 
186°. The isolated material gave the specific aniline blue test (25) for 
oxalate. 

Reduction of Diketogluconate to ‘‘Gluconate’’—100 mg. of sodium boro- 
hydride in 2.5 ml. of distilled water were mixed with 25 mg. of chromato- 
graphically pure Ca.diketogluconate in 0.5 ml. of water. An immediate 
vigorous bubbling of He gas ensued, indicating reduction of the diketone. 
The reaction mixture was analyzed by chromatography (Solvent C). 

8-Aminooxindole—Isatin oxime was prepared by the method of Schachat 
et al. (26) with some modifications. 37 gm. (0.25 mole) of isatin were 
slurried in 150 ml. of water and poured into a round bottom flask fitted with 
a stirrer. Upon the addition of 28 gm. of (Hz.NOH)2SO, (0.17 mole) in 150 
ml. of water and 23 gm. of Na acetate-3H.O (0.17 mole), stirring was 
started and the mxture was heated to 60°. Within 2 hours the color had 
changed from deep red to light yellow. The product was collected by fil- 
tration and dried at 70° for 18 hours; melting point, sinters at 225°, de- 
composing sharply at 230-231°. 

Catalytic hydrogenation at atmospheric pressure (27) reduced the iso- 
nitrosooxindole to the amine. A supercooled solution was prepared by 
dissolving 3.24 gm. (20 um) of dried isatin oxime in 200 ml. of boiling glacial 
acetic acid and carefully cooling to room temperature. A suspension of 
freshly prepared palladium black in water was added and reduction was 
allowed to proceed by stirring magnetically. After 2 hours, 40 mm of 
hydrogen (100 per cent theory) were taken up and the reaction ceased. 
The clear yellow solution obtained after filtration of the catalyst began to 
turn cherry-red upon exposure to air. Addition of 25 ml. of 5 n HCl 
caused stabilization and reversion to the yellow color. Evaporation of this 
solution at reduced pressure gave white crystals of 3-aminooxindole hydro- 
chloride. The compound was dried in vacuo over P20; and NaOH and 
was recrystallized from 80 per cent ethanol with the aid of Norit. A melt- 
ing point determination on the micro stage showed that the amine- HCl 
turns pink at 125°, purple at 150°, and has an indeterminate decomposition 
point at about 195°. 

Decarboxylation of Ca 2,5-Diketogluconic Acid-1-C“—To 1.0 ml. of the 
radioactive diketogluconate solution obtained by the action of A. melano- 
genum upon glucose-1-C' were added 100 mg. of carrier Ca diketogluconate. 
After gentle warming to effect solution, the mixture was taken down to 
dryness under a stream of nitrogen. 8 gm. of phenol were added and the 
whole was heated to a melt on a water bath. 35 mg. of 3-aminooxindole 
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were added and a stream of nitrogen gas was blown over the surface of the 
melt and passed through a 0.1 n Ba(OH),. bubbler to entrain CO, evolved. 
15 minutes of heating at 85° imparted a clear yellow color to the mixture. 
The water bath was removed and gentle heating with a small yellow flame 
turned the solution a deep purple; concurrently CO; evolution began. The 
reaction was then allowed to proceed for an hour on the water bath. 26 
mg. of BaCO; (yield 30 per cent) were produced by this procedure. A 
blank determination with all reagents except diketogluconate produced no 
CO.. The BaCO; was centrifuged, washed with water and alcohol, plated 
on aluminum planchets, and counted in an end window counter. 


DISCUSSION 


The establishment of the two carbonyl] groups in the unknown gluconic 
acid derivative at the 2 and 5 positions by chemical means strengthened the 
prediction based on biochemical analogy that these would be the probable 
points of oxidative attack. Since 2-ketogluconate was oxidized to the same 
end-product as were glucose and gluconic acids, and was identified as an 
intermediate product in the oxidation of these compounds, it was logical 
to assume that one carbonyl occupied the 2 position. The configuration 
of the remaining 4-carbon entity is such that Bertrand’s rule (28) requires 
the formation of a second carbonyl on carbon 5. It is true that this rule 
was derived from studies with the “sorbose bacterium” A. xylinum, but 
later studies, especially with A. suborydans, have provided evidence in 
favor of the view that it applies to the activities of other “incomplete 
oxidizers” of the Acetobacter group. A. melanogenum may now be included 
among the organisms conforming to this principle, in so far as the final 
oxidation step is concerned. 

That 2 ,5-diketogluconic acid is unstable need not be surprising. It can 
be expected to undergo condensation reactions as well as decarboxylations 
readily; in this manner it is easy to regard it as the agent responsible for 
the gradual development of the brown color in cultures of the organism. 
While this has long been known to occur in glucose media, it has not here- 
tofore been reported for cultures containing oxidation substrates other 
than glucose. Special experiments have established that cultures in glu- 
conate and 2-ketogluconate media turn brown in time, the sooner and the 
more intense, the higher the concentration of the substrate. 

At present little can be said about the possible metabolic significance of 
this curious oxidation product. Bernhauer and Riedl-Tumova (29) have 
reported the production of a “ketogluconic acid,” not identical with either 
2- or 5-ketogluconate, by the action of A. melanogenwm on glucose. Their 
product may well be identical with the compound described here. A glance 
at the accompanying formula of 2,5-diketogluconic acid written in the 
lactone form shows its relationship to vitamin C; in fact, it can be regarded 
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as a positional isomer of dehydroascorbic acid. It is possible that the 
formation of 2 ,5-diketogluconic acid is not restricted solely to A. melano- 
genum, but rather that this compound may play an intermediary rdle in 


HO OH Oo 0 
H H 
HO *o “P ‘o 
HOCH2-C 0) HOCH C fe) 
H H 
ASCORBIC ACID DEHYDROASCORBIC ACID 
HO x) 
H H 
HOCH, C eo 
0 


2,5- DIKE TOGLUCONIC 
ACID 


those organisms which oxidize sugar directly rather than by the Embden- 
Meyerhof pathway. 


The authors wish to express their appreciation to Dr. C. B. van Niel for 
his helpful discussions in connection with this work, and to Dr. R. W. 
Barratt for his aid in certain phases of paper chromatographic analysis. 


SUMMARY 


1. In studies with “old” intact cells and cell-free extracts of Acetobacter 
melanogenum, it was found that glucose, gluconate, and 2-ketogluconate 
were oxidized to a common end-product. Its formation required the utili- 
zation of 1.5, 1.0, and 0.5 um of Os, respectively, per micromole of the sub- 
strates, and involved no CO; liberation. ‘‘Young” intact cells carried out 
a more complete oxidation with CO, evolution; in the presence of DNP 
their metabolism resembled that of old cells. 

2. This end-product is unstable, especially at pH above 4.5, and eas- 
ily gives rise to brown-colored decomposition or polymerization products. 
These are probably responsible for the characteristic appearance of cultures 
of A. melanogenum in glucose and gluconate media. 

3. From the nature of its oxidation products on treatment with perio- 
date, and from the fact that it yields “gluconate” on reduction, it has been 
inferred that this product is 2 ,5-diketogluconie acid. 

4. With glucose-1-C" as substrate, aged cells formed 2 ,5-diketogluconate 
as the sole radioactive product in the medium; one-half of the labeled 
carbon was found in the cells. Degradation of the radioactive diketoglu- 
conate recovered from this experiment showed conclusively that only the 
carboxyl group of this product contains the carbon isotope. 
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5. The experimental findings support the conclusion that A. melano- 
genum oxidizes glucose without preliminary splitting of the molecule as 
follows: glucose — gluconic acid — 2-ketogluconic acid — 2 ,5-diketoglu- 
conic acid. 


Addendum—After completion of this investigation, Foda and Vaughn (30) re- 
ported 5-ketogluconic acid to be the end-product of maltose oxidation by A. melano- 
genum. In additional experiments our cultures of A. melanogenum oxidized maltose 
to 2,5-diketogluconic acid via 2-ketogluconic acid. No 5-ketogluconic acid was 
detected. 
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VARIATIONS IN RAT DIPEPTIDASE ACTIVITY FOLLOWING 
PARENTERAL ADMINISTRATION OF ACTIVATOR 
AND INHIBITOR* 
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Durham, North Carolina) 


(Received for publication, March 9, 1953) 


One of the more prominent characteristics of intracellular peptidases is 
their remarkable susceptibility to the presence in the hydrolysis mixture 
of specific activators and inhibitors. The present investigation was under- 
taken to determine whether these relationships would remain unchanged 
if the activator or inhibitor were injected into the intact animal prior to 
the removal of the tissue to be examined. 

The enzymic hydrolysis of glycylglycine! (GG) by rat plasma and muscle 
was selected for study since this dipeptidase (GGase) activity is strongly ac- 
tivated by cobalt and inhibited by cysteine (1). In addition, there is avail- 
able a technique (2) which provides a measurement of GGase activity in 
surviving rat diaphragm; thus conditions which presumably simulate more 
closely those in the intact animal may be obtained. 


Materials and Methods 


Following an 18 hour fast, adult male rats of the Vanderbilt strain were 
given cobalt sulfate, 20 um per 100 gm. of body weight, or neutralized cys- 
teine hydrochloride, 500 um per 100 gm. of body weight, by intraperitoneal 
injection. 4} hour later, under Nembutal anesthesia, the animals were 
subjected to exsanguination from the aorta followed by removal of the 
diaphragm (2). The isolated diaphragm was bisected. One half served 
as a control; the other half was bathed in 2.2 ml. of a nutrient medium (3) 
for four successive 15 minute periods and then incubated for an additional 
15 minutes in a similar medium containing, in addition, 42.8 mm per liter 


' of GG. GGase activity is measured by determining the increment of free 


glycine in the system and is expressed as K, the number of micromoles of 
GG hydrolyzed per minute per gm. of diaphragm. In all instances, dia- 


phragm GGase activity of uninjected control rats was determined concur- 
rently. 


* This work was supported by grants from the National Institutes of Health, 
United States Public Health Service, and the Duke University Research Council. 
+ Damon Runyon Senior Clinical Research Fellow, 1952. 


1 Glycylglycine was provided through the courtesy of Dr. R. J. Floody, Hoffmann- 
La Roche, Inc. 
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62 DIPEPTIDASE ACTIVITY 


GGase activity of non-hemolyzed heparinized plasma was determined 
by a photometric ninhydrin technique (4). The hydrolysis mixture con- 
tained 0.5 ml. of plasma, 0.5 ml. of 0.1 m glycylglycine, 0.5 ml. of 0.02 m 
barbital buffer (pH 7.8), and 0.5 ml. of 0.85 per cent sodium chloride. This 
mixture was shaken constantly in a water bath maintained at 38° and 0.2 
ml. samples were withdrawn for analysis after 60 and 120 minutes. Plasma 
GGase activity was expressed as the number of micromoles of GG hydro- 
lyzed per hour by 0.1 ml. of plasma per ml. of hydrolysis mixture. The 
mean of the values obtained after incubation for 60 and 120 minutes was 
used, since the reaction appeared to follow zero order kinetics. 


Results 


As indicated in Table I, the plasma GGase activity of cobalt-injected 
animals rose to 0.72 from the normal value of 0.36, a change which is statis- 
tically significant. This activation in vivo, however, is less effective than 
the direct addition of cobalt to the hydrolysis mixture, a procedure which 
results in a rise of activity to 1.15, again a significant increase. Finally, 
when rat plasma was doubly exposed to cobalt, first by intraperitoneal in- 
jection and later by the addition of cobalt to the hydrolysis mixture, plasma 
GGase activity rose still further to 1.37. However, the statistical validity 
of this increase over that produced by exposure to cobalt in vitro is ques- 
tionable. 

Before directing attention to the effect of cobalt administration on the 
dipeptidase activity of surviving rat diaphragm, a preliminary study in 
vitro was required. In the present technique, the extirpated hemidia- 
phragm is repeatedly washed before incubation with the substrate-con- 
taining medium. This provides a relatively complete removal of extra- 
cellular enzymes. Conceivably, this procedure might remove the cobalt 
which had been injected into the animal as well. The results shown in 
Table II bear on this problem. In the control procedure, K was found to 
be 0.10 and addition of cobalt to the hydrolysis mixture produced a sig- 
nificant rise to 0.38. When cobalt was present in the four wash mediums 
in addition to the hydrolysis mixture, K attained a value of 0.58. De- 
creasing the time of exposure of the diaphragm to cobalt resulted in pro- 
gressive decrements in K values. Finally, to be certain that some degree 
of activation would persist through four washings following cobalt admin- 
istration to the intact animal, cobalt was added in a preliminary zero incu- 
bating period. Again, a definite activation effect was demonstrable. 

In Table III, the effect of cobalt administration in vivo on GGase ac- 
tivity of surviving rat diaphragm is described. The activation produced 
by the preliminary injection of cobalt sulfate is clearly evident. And, as 
shown above for rat plasma, at this dose level, activation cannot be con- 
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by addition of cobalt in vitro. 


posed to cobalt, both in vivo and in vitro, a still further significant rise in 
dipeptidase activity occurs. 


Co injected, um 


per 100 gm 


None 
20 
None 
20 


TaBLe [ 


Effect of Cobalt on GGase Activity of Rat Plasma 


Co added to 
hydrolysis mixture, M 





None 
0.001 
0.001 








No. of rats 


8 
8 
6 
7 





Plasma GGase activity* 


0.36 + 0.03f 
0.72 + 0.07 
1.15 + 0.06 
1.37 + 0.07 
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sidered to be maximal, since the K value is found to be further increased 
Finally, in diaphragms which had been ex- 


<0.01 


<0.1 





* Measured as micromoles of GG hydrolyzed per hour by 0.1 ml. of plasma per 
ml. of hydrolysis mixture. 
{t Mean + standard error. 


TaBLeE II 


Time Relations for Cobalt Activation of GGase Activity of Surviving Rat Diaphragm 


Procedure | No. of rats 
| 








amr Wh 


* K = micromoles of GG hydrolyzed per minute per gm. of diaphragm 
+ 0 = medium contains no cobalt. 


NOnNnNN HN 


—- 


’ | 

Co | 

‘c | 
Cot | 0 


in Vitro 


15 min. washing periods 


Hydrolysis| 





— | mixture | K* + se 

$e. | 
0 | of | 0.10 + 0.008 
| 0 | Cot | 0.38 + 0.014 
| Co | * |: 0.88 
| ‘ 0 | 0.48 

0 | 0.34 
0 0 | 0.25 





t Co = medium made 0.001 m with respect to cobalt. 


Co injected, 
uM per 100 gm. 


None 
20 


None 
20 


hydrolysis mixture, M 


Co added to 








None 
0.001 
0.001 
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TaBe III 
Effect of Cobalt on GGase Activity of Surviving Rat Diaphragm 


No. of rats 





K* +s.e. 


0.10 + 0.008 
0.25 + 0.029 
0.38 + 0.013 
0.59 + 0.042 








* K = micromoles of GG hydrolyzed per minute per gm. of diaphragm. 
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64 DIPEPTIDASE ACTIVITY 


The inhibiting effect of cysteine was next explored. Since normal un- 
activated rat plasma GGase activity is so low as to be measured with diffi- 
culty, no attempt was made to assess the reduction in activity which might 
have been occasioned by the presence of cysteine. 

As described above in the case of cobalt, it was necessary to evaluate, 
in vitro, the effect of repeated diaphragm washing on cysteine inhibition 
prior to investigating changes following cysteine administration to the rat. 
It was found that, unlike cobalt, cysteine, as measured by its inhibitory 
effect, is completely removed by repeated washing. Thus, when the iso- 
lated diaphragm was incubated with 0.03 m cysteine for 15 minutes and 
then subjected to the usual repeated washing, K was 0.10 + 0.01 in three 
rats, a value identical to that of control animals. 

However, cysteine inhibition does persist through a single 15 minute 
washing period (K = 0.05 + 0.04 in three rats, as opposed to 0.14 + 0.008 








TABLE IV 
Effect of Cysteine Administration on GGase Activity of Surviving Rat Diaphragm 
Cysteine injected, um per 100 gm. | K* + s.e. 
None | 0.14 + 0.008 (7) 
500 ' 0 


+ 0.015 (6) 





The number of animals used appears in parentheses. 
* K = micromoles of GG hydrolyzed per minute per gm. of diaphragm. 


in seven control animals); hence, by using this variation in the procedure, 
the effect of preliminary cysteine injection could be determined. As re- 
corded in Table IV, there is unequivocal evidence that dipeptidase ac- 
tivity of surviving rat diaphragm is strongly inhibited 4 hour following 
intraperitoneal injection of cysteine. 


DISCUSSION 


It has been shown (1) that the presence of 0.001 m cobalt in the hydrol- 
ysis mixture provides maximal activation of GGase activity of rat muscle. 
It is noteworthy that, in rat plasma (Table I) and surviving diaphragm 
(Table ITI), still further increment in dipeptidase activity occurs following 
injection of cobalt into the animal. The reason for this is not entirely 
clear. It is known that metal-activated enyzmes show increased activity 
following incubation with the appropriate metal activator (5). However, 
Smith (5) was unable to demonstrate this phenomenon in the case of cobalt 
and muscle GGase activity. Nevertheless, in the present instance, the 
assumption could be made that the increased activation noted resulted 


from the additional time of contact of cobalt and GGase in vivo. This | 
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idea is, in part, supported by data presented in Table II where the quanti- 
tative changes observed are probably the result of two mechanisms oper- 
ating concurrently. First, a time-reaction seems clearly demonstra- 
ble, since the longest exposure to cobalt results in the most marked increase 
in activity (Procedure 3). On the other hand, although some cobalt is 
undoubtedly fixed to the diaphragm, repeated washing may remove a por- 
tion of it; thus K values vary inversely with the number of cobalt-free 
washings. This indirect evidence that cobalt, once in contact, becomes, 
at least in part, fixed to the diaphragm is in accord with the report of Berlin 
and Siri (6) that, in the rat, Co® moved rapidly from the blood to the 
tissues and did not reappear in the blood during the course of observation. 

It should be emphasized that the large doses of cobalt and cysteine em- 
ployed in the present study were well beyond the “physiologic” range, and, 
in the case of cobalt, were toxic as well. Smaller doses provided less clear 
cut effects. It is unwarranted to conclude, however, that physiologic alter- 
ations in protein metabolism may not be mediated through changes in 
intracellular peptidase activity provoked by variations in concentrations of 
activators or inhibitors. For example, tissue GGase activity could con- 
ceivably be controlled by relatively small changes in glutathione concen- 
tration. It is pertinent that glutathione, injected in equimolar concen- 
trations, inhibits diaphragm GGase activity as effectively as does cysteine, 
K falling from the control value of 0.12 to 0.05.2 

It is not intended that the changes in rat diaphragm GGase activity 
herein reported be construed to indicate that such changes are peculiar to 
surviving diaphragm. Indeed, when aqueous extracts (7) of rat diaphragm 
are examined for dipeptidase activity following cobalt administration, strik- 
ing activation results, K rising from the normal value of 0.62 to 4.53.2 
None the less, attention was focused on surviving diaphragm because this 
preparation may reveal physiological alterations which are undetectable in 
tissue extracts. Thus, GGase activity of surviving diaphragm is increased 
following the administration of adrenocorticotropin,? although such changes 
in peptidase activity were not demonstrable in a wide variety of rat tissue 
extracts (7). 

SUMMARY 


An intraperitoneal injection of cobalt in the rat is followed by an increase 
in plasma GGase activity. The activating effect of cobalt on the surviving 
rat diaphragm persists despite repeated washing, while, in contrast, the 
inhibiting effect of cysteine does not. Cobalt administration to intact 
animals significantly enhances dipeptidase activity of surviving rat di- 
aphragm, and, similarly, cysteine administration depresses this enzyme 
activity. 


? Unpublished observations. 
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ASYMMETRIC LABELING OF ACETOACETATE BY 
ENZYMATIC ACETYL EXCHANGE WITH 
ACETYL COENZYME A* 


By HELMUT BEINERT anp PHILIP G. STANSLY+{ 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, March 9, 1953) 


In a previous communication from this laboratory. (1), the reactions 
catalyzed by a soluble enzyme system from pig heart, the acetoacetate 
activation and cleavage enzyme system,! were formulated as follows: 


(1) Condensation-cleavage reaction, 2AcCoA = AcAcCoA + CoA 
(2) Replacement reaction,2? AcAcCoA + succinate = succinyl CoA + AcAcO- 


When Reaction 1 was carried out with partially purified enzyme prep- 
arations under a variety of test conditions, the accumulation of AcAcCoA 
could not be demonstrated and any accumulation of AcAcO~ was minimal. 
If, however, carrier AcAcO~ was added to the ACS in the presence of 
labeled AcCoA an apparent exchange of the acetyl groups of AcAcO~ for 
the acetyl group of acetyl CoA was observed. This exchange reaction 
leads to asymmetrically labeled AcAcO~ when labeled AcCoA is used. 
Since the formation of asymmetrically labeled AcAcO- during fatty acid 
oxidation (see Gurin and Crandall (2)) has been a matter of considerable 
experimentation and speculation, this defined reaction leading to asym- 
metrically labeled AcAcO™- in a soluble enzyme system seemed worthy of 
further investigations. 


* Presented in part at the Forty-fourth annual meeting of the American Society 
of Biological Chemists, Chicago, 1953 (Federation Proc., 12, 176 (1953)). 

+ Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

1 The following abbreviations will be used throughout the paper: ACS for aceto- 
acetate activation and cleavage enzyme system; Ac for acetyl; AcAc for aceto- 
acetyl; CoA for coenzyme A; CO for carbonyl group; COOH for carboxyl group; 
C*O:C*OOH for the ratio of the label in 8-keto acid carbonyl to the label in car- 
boxyl. An asterisk will indicate C™ label. 

2 Since various types of group replacements are dealt with in this paper, it be- 
comes necessary to define the nomenclature used: the process of Reaction 2 (see the 
data in Table VI) will be called ‘‘replacement”’ (of CoA-bound acyl); the over-all 
process leading to asymmetrically labeled AcAcO~ will be called ‘‘exchange’’ (of 
acetyl or higher acyl homologues). 
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EXPERIMENTAL és 

Methods and Materials wl 

The ACS was prepared as described previously (1). Unlabeled AcCoA th 
was prepared by the method of Wilson (3), and labeled AcCoA (CH,;,C“O—, Tl 
approximately 0.5 mc. per mm) and butyryl CoA (CH;CH,CH,C“O—, ™ 


approximately 0.33 mc. per mM) were prepared enzymatically by the use 
of the acetate- and butyrate-activating enzymes, respectively (4, 5). Ace- _ 
tate-1-C was obtained from Tracerlab, Inc., and butyrate-1-C™ from the a 
Texas Research Foundation. CoA was reduced with sodium amalgam = 
(6). The 8-keto acids were prepared from their esters by hydrolysis with 
alkali (7). The esters of the higher 6-keto acids were obtained from the ” 
Farchan Research Laboratories. The methods used for the assay of the 

B-keto acids and the determination of C“ in the two moieties of these acids 

have been described previously (7). Labeled AcAcO™- (approximately 0.74 a 
mc. per mM) was prepared by oxidizing caproate-1-C" in the presence of 
the rabbit liver cyclophorase-mitochondrial system (7) and then extract- 
ing the 6-keto acid from the deproteinized mixture with chloroform. A\l- 
though, under the conditions used, caproate was oxidized essentially to com- 
pletion, the AcAcO- obtained was still contaminated with small amounts 
of labeled caproate. The presence of residual caproate, however, does not 
interfere with the determination of radioactivity in the two halves of 
AcAcO-. The ratio C*O:C*OOH in the AcAcO- thus prepared was 0.68. ag 


Results $i 


we 


When AcCoA, prepared enzymatically, was subjected to the conditions a 
for decarboxylation of AcAcO-, small amounts of label which varied some- “a 
what from one experiment to another, but which did not exceed 0.5 per 
cent of the total, were found consistently in the CO, and in the acetone | 
fraction. These amounts could be increased by incubating solutions of ca 
acetyl CoA at 38°. Alkali favors this reaction in which AcCoA gives rise an 
to small quantities of AcAcO- non-enzymatically. On addition of ACS BN 
the level of AcAcO~ was about doubled in 5 minutes and thereafter rose 
slowly with continued incubation (Table I), probably as a result of de- eff 
acylation of AcAcCoA. The quantities of AcAcO- obtained in these ex- A 
periments, as calculated from the recovery of label, were of the order of br 
0.01 uM. TI 

Since we were dealing with such small quantities, it seemed possible Wi 
that losses of AcAcO- by decarboxylation or by occlusion in the protein ar 
precipitate during deproteinization could amount to a considerable per- cu 


3 We are indebted to Dr. D. S. Goldman, Dr. P. Hele, and Dr. H. R. Mahler for 
generous supplies of the ACS, the acetate-activating, and the butyrate-activating on 
enzymes, respectively. 
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centage of the total which was actually formed. Control experiments, in 
which carrier acetone was present and the CO label was determined, showed 
that there was no more label in the acetone than in the recovered COz. 
Thus, decarboxylation as a cause of loss could be ruled out. If, however, 
carrier AcAcO~ was added to the incubation mixture, in addition to AcCoA 
and ACS, the amount of label recovered in both moieties of AcAcO- was 
increased about 40-fold (Table II). The distribution of label was asym- 
metrical and depended on the ratio of the initial concentrations of AcCoA 
and AcAcO-, and to a certain extent on time. Increase of the ratio of 
AcAcO~ to AcCoA concentration favored asymmetry. The effect of time 
could only be seen on prolonged incubation with relatively low amounts of 














TaBLe I 
Formation of Ac*Ac*O- from Ac*CoA by ACS in Absence of Added AcAcO- 
C% recovered in AcAcO~ | 
Incubation time | aie 
ial C*OOH 
co COOH | 
Ps eee 
min. c.p.m. C.p.m. | 
5 413 443 | 0.93 
10 T 568 
20 T 751 
40 1030 1080 | 0.95 








250 um of histidine, pH 8.2, 15 um of MgCle, 2.5 um of Ac*CoA (375,000 c.p.m.), and 
2.3 mg. of ACS were incubated at 30° in a total volume of 4.5 ml. 1 ml. samples 
were withdrawn at the times indicated and deproteinized with 0.03 ml. of 60 per 
cent HClO,; the pH was readjusted to about 4 and 3 ym of carrier AcAcO~ were 
added before decarboxylation. Recoveries are calculated for 1 ml. of sample. 

t Not determined. 


earrier. Thus, with 0.46 um of AcAcO-, the ratio C*O:C*OOH at 1, 10, 
and 100 minutes was 0.63, 0.7, and 0.89, respectively, whereas with 3.2 
uM of carrier, the ratio was 0.65, 0.58, and 0.59. 

It was evident from these observations that added AcAcO~ carrier had 
effects beyond that of trapping and protecting small amounts of labeled 
AcAcO- which were formed from AcAcCoA. It appeared as if an equili- 
bration of acetyl groups between AcCoA and AcAcO~ was taking place. 
This was confirmed in experiments in which labeled AcAcO~ was incubated 
with unlabeled AcCoA in the presence of ACS. An almost complete dis- 
appearance of label from Ac*Ac*O- was observed (Table III). On in- 
cubation of Ac*Ac*O- with ACS in the absence of AcCoA, the label in both 
moieties was fully recovered. The presence of reduced CoA had no effect 
on this recovery. 

When labeled AcAcO- was incubated with the enzyme at widely differ- 
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ing levels of concentration, the original ratio C*O:C*OOH of 0.68 + 0.01 
was found for the recovered Ac*Ac*O- (Table III). This excluded the 
possibility that the asymmetry of label observed in the experiments shown 


TaBLe II 


Incorporation of Label from Ac*CoA into AcAcO~ in Presence of Varying 
Amounts of Added AcAcO- 



































it Incubation AchCek C¥ recovered in AcAcO- co 
stent Ma: ae i ee ; addedt IT, CIE pare aaitie beet C*OOH 
Time Temperature co COOH 
min. C. uM uM c.p.m. C.p.m. 
1 10 30 0.5 0 460 460 1.00 
10 30 0.5 0.4 13,050 | 21,100 0.62 
10 30 0.5 3.2 12,200 | 26,700 0.46 
2 10 30 0.5 0.46 9,460 | 13,550 0.70 
10 30 0.5 3.2 9,130 | 15,800 0.58 
10 30 0.5 25.0 11,370 | 22,600 0.50 
10 30 0.5 125.0 7,000t | 15,990t 0.44 
100 | 30 0.5 0.46 15,290 | 17,155 0.89 
100 | 30 0.5 3.2 16,050 | 27,300 0.59 
3 12 38 2.0 3.0 11,300 19,650 0.57 
12 | 38 2.0 30.0 10,600 | 28,200 0.38 
4§ Ss 4 38 2.0 3.0 365 400 0.91 





The conditions for each sample were analogous to those applicable to 1 ml. of the 
mixture used for Table I. 

{ The total radioactivity in each sample was adjusted to 75,000 c.p.m. 

t The low values are probably due to inhibition of the ACS in the presence of the 
high concentration of AcAcO-. 

§ No enzyme was added in this experiment. 


TaB_e III 
Recovery of Labeled AcAcO~ under Various Conditions of Incubation with ACS 








| : C™ recovered in 
Experi- | sisiaunes Ac*Ac*O- Further — C*O 
meet fe added additions §=(|________| @0OH 
Time | Temperature | co | COOH 
min. , "C. uM pM c.p.m. | cpm. | 
a Pa aa AcCoA, 2 | 4200 | 
anit 10 38 | 0.034 2 | (7a 
3 | 10 30 0.06 0 5400 7980 | 0.68 
| 10 30 | 23.4 0 | 300 7720 0.69 
4 | 5 38 | 0.06 CoA, 2 5410 8010 0.67 





Conditions as in Table II. No AcCoA was added in Experiments 3 and 4. The > 


Ac*Ac*O- added in Experiments 1, 3, and 4 contained a total of 5450 c.p.m. in the CO 
and 8000 c.p.m. in the COOH; for Experiment 2 the figures are 3100 and 4530 c.p.m., 
respectively. 
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in Table II was due to unequal losses of CH;CO— or —CH:,COOH at 
the differing levels of carrier. 

Higher 6-keto acids were likewise able to exchange with AcCoA (Table 
IV). Total incorporation as well as asymmetry of label in the 6-keto 
acids decreased with increasing chain length. It should be pointed out 
that no attempt was made to determine separately the portion of label 
in AcAcO~ and that in the higher 6-keto acids added. The isotope data 
refer to the total 6-keto acids only. According to the postulated mecha- 
nism for the exchange reaction (see ‘“‘Discussion’’), label would be expected 
in the COOH of the higher 8-keto acid and in both halves of AcAcO-. 

In view of the lack of specificity of the 6-keto acid, it was of interest to 
determine whether AcCoA, the other reaction partner in the reaction with 


TasLe IV 
Incorporation of Label from Ac*CoA into B-Keto Acids in Presence 
of Higher B-Keto Acids 





C¥ recovered in B-keto acids 





Chain length of 8-keto acid added — —— = _- ono 
co | COOH | 
| c.p.m. | c.p.m. 
C. | 12,200 | 26,700 0.46 
Cs 12,450 24,500 | 0.51 
Ce 12,350 21,700 0.57 
Cs 3,200 | 3,660 | 0.87 





Conditions as in Table II, Experiment 1; 3.2 um of each of the 8-keto acids were 
added. 


8-keto acids, could also be substituted for by a higher homologue. When 
labeled butyryl CoA and unlabeled AcAcO- were incubated with ACS, 
0.27 per cent of the total label was found in the CO of the keto acids. 
When unlabeled AcCoA and labeled butyryl CoA were incubated with 
ACS, only traces of label (0.07 per cent of the total) were in the CO of the 
keto acids. When, however, labeled butyryl CoA was incubated in the 
presence of ACS with AcCoA and AcAcO-, both unlabeled, about 1 per 
cent of the label was incorporated into the carbonyl of the 6-keto acids 
(Table V). 

The question arose whether the replacement Reaction 2 was specific 
for succinate. A study was, therefore, made of Ac*Ac*O~ formation from 
Ac*CoA in the presence of ACS and various possible substrates for such a 
replacement reaction. Except in the case of succinate and butyrate, only 
COOH label was determined. The ratio C*O:C*OOH for succinate and 
butyrate is practically 1. This would be expected from substrates which 
can only undergo Reaction 2, but not simultaneously an exchange of acetyl 
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groups or higher acyl homologues. A C*O:C*OOH of 1 in the case of 
butyrate would also exclude oxidation of butyrate to AcAcO-. Table VI 








TABLE V 
Incorporation of Label from Butyryl CoA into CO of B-Keto Acids 
Components | C¥ recovered in CO of 8-keto acids 

| cpm. 

Butyryl CoA + AcCoA + AcAcO-................ | 1060 
eye nec ne hapa | a8 

ae PAS (Os 0 ae ee aan 270 

r ‘* + 8-ketocaproate.................... 190 

oP UMORGMININ 154 GCI ols oe oa alee tater 0 





Conditions as in Table II, Experiment 1, except that the incubation time was 
20 minutes. 1 yum of butyryl CoA was added, containing a total of 100,000 c.p.m., 
0.5 um of AcCoA, and 24 um of 6-keto acid as indicated. 


TaBLe VI 


Influence of Various ‘‘Replacing Agents’? on Ac*Ac*O- Formation 
from Ac*CoA by ACS 














4 | C4 recovered in c*o : C* recovered in c*O 
Replacing agent (SO0H ) c*OOH Replacing agent | (s00e) | COOH 
7 C.p.m, C.p.m. | 
Malonate 3950 Acetoacetate | 10,240 0.49 
Succinate 4540 1.06 Butyrate 2,950 1.13 
Glutarate | 570 pu-8B-Hydrox- 2,490 | 
ybutyratet | | 
Fumarate | 260 Valerate | 1,900 | 
L-Malate | 230 Acetate 820 | 
Oxalacetate}. | —380 Propionate 505 | 
Citrate | 100 Crotonate 290 | 
CoA | —260 Caproate 190 | 
| | Octanoate —50 | 











Conditions as in Table II, Experiment 1, except that 0.5 ml. samples were in- 
cubated for 15 minutes at 38° with 80 y of ACS per sample. 12.5 um of the Kt salt 
of each acid were added; only 2.6 um of octanoate could be added, because of its low 
solubility. 2.4 um of CoA were added as indicated. A blank of 400 c.p.m. obtained 
without replacing agent is subtracted. 

t See foot-note 4. 

t Oxalacetate abolishes Reaction 1, probably because of the presence of traces 
of condensing enzyme in the ACS, which will remove AcCoA by citrate formation. 


shows that there is a definite maximum of activity for C4 acids in the mono- 
as well as the dicarboxylic acid series. On the basis of COOH label, 
AcAcO~ appears to be most efficient. The efficiency of malonate as a 
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replacing agent is remarkable and would implicate, according to Reaction 
2, the formation of malonyl CoA. The known effects of malonate on fatty 
acid oxidation, 7.e. accumulation of AcAcO- (7-10), and the tendency to 
randomize the label in AcAcO~ (8) may, at least in part, depend on its 
replacing function. It is further evident from Table VI that substitution 
in the dicarboxylic acids or introduction of a double bond abolishes the 
replacement phenomenon, whereas in the monocarboxylic acid series the 
keto as well as the hydroxy acids‘ are very active. The complete sup- 
pression of AcAcO~ formation by an excess of CoA is also remarkable. 
This effect may be explained in terms of a shift of the equilibrium of Re- 
action 1 to the left by the relatively large amounts of CoA. 


DISCUSSION 


The exchange phenomenon of acyl groups between AcCoA and £-keto 
acids described above may be explained in a simple fashion in terms of 
Reactions 1 and 2 and the enzyme-substrate complexes involved. Reac- 
tion 1 may then be resolved into two component steps, Nos. 3 and 4, where 
Ea, represents the cleavage site and E,., the replacement site of the ACS. 


(3) Ea. + Ac*CoA = E,;.-Ac*CoA 

(4) E,1.-Ac*CoA + Ac*CoA = E,).-Ac*Ac*CoA + CoA 

Ac*Ac*CoA then dissociates from the cleavage site and combines with 
the replacement site of the ACS. In the presence of unlabeled AcAcO-, a 


reaction analogous to Reaction 2 then takes place, which leads to un- 
labeled AcAcCoA. 


(5) Ac*Ac*CoA-Ere. + AcAcO- = AcAcCoA-Ey.. + Ac*Ac*O- 


After another change of sites AcAcCoA may then undergo the reverse of 
Reaction 4. 


(6) E.1.-AcAcCoA + CoA = E,y.-AcCoA + AcCoA 


If Reaction 4 proceeds more rapidly than Reaction 3, Ey.-AcCoA formed 
in Reaction 6 will react according to Reaction 4 with Ac*CoA, which is 


present in excess. This will, according to Reaction 7, lead to COOH- 
labeled AcAc*CoA. 


(7) E.1.-AcCoA + Ac*CoA = E,).-AcAc*CoA + CoA 


It is evident from this scheme that a high concentration of AcAcO- 
will favor the formation of unlabeled AcAcCoA according to Reaction 5 
and therewith asymmetry of label according to Reactions 6 and 7. 


‘ The B-hydroxybutyrate used was freed of traces of AcAcO™ by boiling its solu- 


tion in dilute H2SO, according to Van Slyke (11) and then removing SO,” with 
Ba(OH)s. 
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It can be recognized that in the presence of an excess of Ac*CoA the di- 
lution of the Ac*CoA label by AcCoA formed as a result of Reactions 5 and 
6 would be negligible compared to the dilution of the labeled E.).-Ac*CoA 
complex by the analogous unlabeled complex. This situation must lead 
to preferential COOH labeling in AcAcO-. 

Our findings on the production of asymmetrically labeled AcAcO~ have 
obvious implications for present concepts of AcAcO~ formation during 
fatty acid oxidation (2, 7-9, 12-18). When a carboxyl-labeled fatty 
acid is oxidized, a situation obtains similar to that described above 
for the exchange reaction between AcCoA and AcAcO-. The unlabeled 
Ea.-AcAcCoA complex of Reaction 6 would be provided by the terminal 
C4 piece of the fatty acid chain, and labeled Ac*CoA would be formed 
during oxidation of the C*OOH. Thus the necessary conditions for Re- 
action 7 would be fulfilled. It is known from work on mitochondrial sys- 
tems that AcAcO~ cannot be activated in liver; Reaction 5, therefore, is not 
likely to occur in liver preparations. In heart and kidney, however, which 
metabolize AcAcO-, Reactions 3 to 7 would contribute to the formation 
of asymmetrically labeled AcAcO-. 

The possibility of explaining the asymmetric labeling of AcAcO~ during 
fatty acid oxidation by an acetyl exchange mechanism had been previously 
pointed out by Green (19) and the proposed scheme was further developed 
by Cheldelin and Beinert (7). Although the basic idea of exchange has 
been retained, the finding that the cleavage function of the ACS is re- 
sponsible for such an exchange and that added ordinary AcAcO~ may 
undergo the exchange reaction when the enzyme catalyzing the replace- 
ment Reaction 2 is also present has simplified the concept. The fact that 
asymmetry of labeling may be obtained in a simple system with merely 
AcCoA and AcAcO~ as substrates renders unnecessary the postulate of 
two different types of AcCoA. 

The present study has disclosed a variety of factors which influence the 
ratio of C*O:C*OOH in AcAcO-. In consequence of the multiplicity of 
factors involved in the relatively simple and defined soluble ACS, one can 
predict that a comparable analysis in complex systems like mitochondrial 
suspensions or tissue slices, as has been attempted by various workers in 
the past, would meet with insuperable difficulties. 


SUMMARY 


In the presence of a partially purified preparation of the acetoacetate 
activation and cleavage enzyme system small amounts of symmetrically 
labeled acetoacetate are formed from labeled AcCoA. When, in addition, 
acetoacetate is present during incubation, the amount of label in aceto- 
acetate is raised 40-fold and the distribution of label is asymmetrical. 
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The ratio of carbonyl to carboxyl label decreases with an increasing ratio 
of acetoacetate to AcCoA concentration. Both effects of added aceto- 
acetate, viz. increased label and asymmetry, can be duplicated by higher 
8-keto acids (Cy > Cs; > Cg > Cs). Labeled butyryl CoA, in the presence 
of acetoacetate or 6-ketocaproate, gives rise to very small amounts of 
carbonyl-labeled 8-keto acid. This amount is increased 4-fold only when 
both a B-keto acid and AcCoA are also present. Succinate, malonate, 
butyrate, 8-hydroxybutyrate, and valerate also increase appreciably the 
amount of acetoacetate formed by the ACS. This acetoacetate is sym- 
metrically labeled. The apparent exchange of acetyl groups between 
AcCoA and acetoacetate has been explained in terms of the reactions 
catalyzed by the ACS. It is inferred that the asymmetry of label in 
AcAcO~ observed during oxidation of labeled fatty acids is brought about 
by the ACS in an analogous way and that it is not necessary to postulate 
two different types of AcCoA. 


This investigation was supported by grants from the National Heart 
Institute of the National Institutes of Health and the Atomic Energy Com- 
mission. Philip G. Stansly is grateful to the Helen Hay Whitney Founda- 
tion for a grant-in-aid. 

The authors are indebted to Dr. David E. Green for many stimulating 
discussions during this work. 


Addendum—Since submission of this manuscript, Lynen has reported evidence 
(Fourty-fourth annual meeting of the American Society of Biological Chemists, 
Chicago, 1953) that the AcAcCoA cleaving enzyme is a sulfhydryl enzyme and that 
the primary step in the synthesis of AcAcCoA involves the formation of an acetyl 
enzyme, rather than an AcCoA-enzyme complex as postulated by us. This develop- 
ment would necessitate an extension of the scheme given above, although it would 
not affect the argument as to the origin of asymmetry, which is based on the attach- 
ment of one of the active C2 units to the cleavage enzyme. If, however, the sulf- 
hydryl group of the enzyme belongs to enzyme bound CoA, a possibility not dis- 
cussed by Lynen, no essential change would be necessary in the scheme above. 
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INCORPORATION OF GLYCINE-2-C* INTO PROTEIN BY 
SURVIVING UTERI FROM a-ESTRADIOL-TREATED 
RATS* 


By GERALD C. MUELLER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 16, 1953) 


In response to a single physiological dose of a natural estrogen the 
atrophic uterus of the ovariectomized female rat is rapidly converted to 
an actively growing tissue; this mobilization of latent growth processes is 
characterized in the first 4 hours by a gross hyperemia and imbibition of 
water in the uterine tissue (2); later, successive increases occur in oxygen 
uptake (3-6), glycolysis rate (4, 5), phosphatase activity (7), mitotic rate 
(8), and the accumulation of uterine protein (2). Although the site of 
estrogen action is still unknown, it is anticipated that an elucidation of 
these early uterine changes will contribute to a biochemical explanation of 
estrogenic action and growth control in general. 

In this communication uterine horn segments from ovariectomized 
rats were removed at varied intervals after a single intravenous adminis- 
tration of a-estradiol and incubated in vitro with radioactive glycine. Data 
are presented to demonstrate that during the first 12 hours of estrogen 
stimulation in vivo the rate of glycine incorporation, as measured with sur- 
viving uteri in the in vitro test system, was accelerated in a linear manner. 
Throughout the first 6 hours a maximal acceleration was obtained with as 
little as 0.1 y of a-estradiol. The early stimulating effect of estrogen treat- 
ment on the incorporation of glycine-2-C" has been observed independently 
by Frieden, Steele, and Telfer (9). The effects of certain inhibitors and 
steroids on this system are also reported, and the relationship of the estro- 
gen to the activation phenomena is discussed. 


Methods 


Female rats,! weighing approximately 180 gm., were ovariectomized 
through the dorsal approach and maintained on a diet of commercial dog 
chow (Friskies) for at least 2 weeks prior to experimentation. Unless 
otherwise specified, the rats were used 2 to 5 weeks following the ovariec- 


* This work was supported by a grant from the Alexander and Margaret Stewart 
Trust Fund. A preliminary report of this work was presented at the annual meet- 
ing of the Federation of American Societies for Experimental Biology, New York, 
April, 1951 (1). 

1 Holtzman-Rolfsmeyer Company, Madison, Wisconsin. 
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tomy. In any single experiment all animals were of the same age and were 
ovariectomized at the same time. 

In the typical experiment 1.0 ml. of a solution containing 10 y of a- 
estradiol? dissolved in a solution consisting of 0.9 per cent NaCl, 0.04 m 
NaH2PO.-Na2zHPO, buffer at pH 7.4, and 1 per cent ethanol was injected 
in the tail vein at zero time. Control animals received the same solution 
with the exception of the a-estradiol. At intervals varying from 0 to 96 
hours after the administration of the estrogen, the animals were killed by 
decapitation and the uteri transferred to small beakers containing Robin- 
son’s medium at 0-4° (10). Each uterine horn was opened longitudinally, 
cut into four segments of equal length, and transferred into iced 25 ml. 
Erlenmeyer flasks containing 2.0 ml. of the reaction medium of the follow- 
ing composition: 0.022 m glucose, 0.001 m Na formate, and 0.01 m glycine-2- 
C™ (300 c.p.m. per 7) in Robinson’s medium.’ Usually four segments of 
uterine horns (40 to 80 mg., wet weight) were incubated per flask for a 
period of 2 hours at 37.5° with shaking in an atmosphere of 100 per cent 
oxygen and the reaction was terminated by the addition of 2.0 ml. of 10 
per cent perchloric acid. In experiments testing the addition of a reactant 
in vitro or a single variation in procedure, the segments of several uteri 
were combined prior to a random selection of the segments for each flask 
so as to average experimentally differences due to animal variation. 

The uterine tissue segments were blotted on filter paper, frozen with 
liquid air in a stainless steel mortar, and pulverized by pounding. The 
finely dispersed tissue was then washed free of acid-soluble and lipide- 
soluble radioactive substances by suspension three times in 4.0 ml. of 4 
per cent perchloric acid, once in 4.0 ml. of 70 per cent ethanol, once in ab- 
solute ethanol, and twice in absolute ethyl ether. 

The residual proteins contained an insignificant amount of radioactivity 
in the form of nucleic acids or undissolved lipides as determined by hot 
acid extraction (11) and hot ethanol extraction. A suspension of these 
samples in a small volume of 25 per cent ethanol was spread evenly on 
tared aluminum plates with the aid of a glass rod, dried in a vacuum desic- 
cator, reweighed, and counted in gas flow counters or with a conventional 
Geiger-Miiller end window counter. The samples were counted sufficiently 
long to achieve a 5 per cent statistical accuracy. All measurements are 
expressed in counts per minute per mg. of residual protein after correction 
for self-absorption and counting efficiency. 

2 a-Estradiol (-178), progesterone, testosterone, and desoxycorticosterone were 
kindly supplied by Dr. F. E. Houghton of Ciba Pharmaceutical Products. I am 
also indebted to Dr. A. L. Wilds for estrone and to Dr. W. S. Johnson for bisdehy- 
drodoisynolic acid methyl ether. Compounds E and F were obtained from Merck 
and Company. 

3 Glycine-2-C™ and puL-alanine-2-C'* were purchased from Tracerlab, Inc., on 
allocation by the United States Atomic Energy Commission. 





ViIM 


a a ao) 





























ith 
‘he 
de- 
f 4 
ab- 


rity 
hot 
1ese 

on 
S1C- 
mal 
ntly 

are 
tion 


were 
I am 
lehy- 


lerck 


on 





G. C. MUELLER 79 


Results 


Effect of a-Estradiol Treatment on Glycine-2-C™ Incorporation by Surviving 
Uteri—In preliminary experiments it was observed that surviving uterine 
segments from ovariectomized rats which had received 10 y of a-estradiol 6 
hours earlier incorporated glycine-2-C™ at a faster rate when incubated 
with this amino acid than did the corresponding uterine segments from 
control rats (Fig. 1). With the exception of a slight lag phase the in- 
corporation was linear with time throughout a 5 hour period; therefore, 
the specific activity of the protein (in counts per minute per mg.) at a 
specified intermediate period of incubation was a measure of the rate of 
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Fie. 1. The incorporation of glycine-2-C by surviving uterine segments over a 
5 hour period. System as under ‘‘Methods’”’ with uteri from animals treated with 
estrogen or control solutions 6 hours prior to sacrificing. 


glycine incorporation into the protein of the surviving uterine segments. 
In all experiments, the incorporation is expressed in terms of the specific 
activity of the protein residues from a 2 hour incubation period. 
Experiments were carried out to determine the rate at which the glycine- 
incorporating system was activated or accelerated in vivo by a single ad- 
ministration of an exogenous estrogen and the duration of this response. 
For this purpose twenty-four ovariectomized rats were injected intra- 
venously at zero time with 1.0 ml. of a buffered saline solution containing 
10 y of a-estradiol; similarly eight rats received a control solution. At 
intervals of 4 to 7 hours during the ensuing 40 hour period, groups of 
animals consisting of three estrogen-treated rats and one control rat were 
sacrificed and a uterine horn from each animal was incubated for 2 hours 
with 0.01 mM glycine-2-C", as under “Methods.” The specific activities 
of the protein residues isolated from the incubated uterine segments are 
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plotted in Fig. 2. The values from individual animals are plotted as sepa- 
rate points to illustrate the range of values under the conditions of these 
experiments. In two other experiments similar responses were obtained. 

With 0.01 m glycine-2-C" in the incubation medium, the specific ac- 
tivity of the glycine in the medium remained constant. This level was 


also 4 times that necessary for maximal incorporation. The effect of es-. 


trogen pretreatment was similar whether trace or high concentrations of 
glycine were used. 
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Fig. 2. The rate of incorporation of glycine-2-C™ by surviving uterine segments 
at varied times following the administration of 10 y of a-estradiol in vivo. System 
as under “‘Methods;” incubation time, 2 hours. 


Activation of Glycine-Incorporating Systems with Low Levels of a-Estra- 
diol—The response of the uteri to single doses of a-estradiol varying from 
0.001 to 10 y per rat was determined at both 6 and 20 hours following the 
administration of the hormone (Fig. 3). It was demonstrated that at the 
6 hour period 0.1 + of a-estradiol in vivo produced a maximal stimulation 
(100 per cent) of the glycine incorporation in the in vitro system and that 
higher levels of the hormone had no further effect. However, at 20 hours 
the extent of incorporation was limited by the level of estrogen with initial 
doses as high at 10.0 y. Therefore it seems likely that the maximal 
response to 10.0 of a-estradiol occurs at 18 to 20 hours (Fig. 2), owing toa 
deficiency of estrogen at this time. 

To test this concept the responsiveness of the uterus to a second dose of 
a-estradiol at this period was determined. In Table I the results of an 
experiment are recorded in which 10 y of a-estradiol were administered 18 
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Fig. 3. The effect of pretreatment for 6 hours and 20 hours in vivo with varied 
levels of a-estradiol on the incorporation of glycine-2-C™ by surviving uterine seg- 
ments. System as under ‘“‘Methods;’ incubation time, 2 hours. 


TABLE I 


Response of Rat Uterus to Second Dose of a-Estradiol 18 or 48 Hours 
after Initial Treatment 


System as under ‘“‘Methods;” incubation time, 2 hours. 
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10 y a-estradiol at 
In vitro test performed at | Isolated protein residue 
0 time | 18 hrs. | 
i i A | hrs. tas c.p.m. per mg. 

0 | 0 4 | 60 
+ | 0 4 111 
= 0 22 199 
= + 22 247 

48 hrs. | 
0 0 4 | 74 
+ 0 4 | 119 
" | 0 52 | 112 
+ + 52 161 
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hours after the initial dose, and the response was determined with the 
in vitro system 4 hours later. It was demonstrated that the uterus re- 
sponded to a second dose of a-estradiol at this time and that the activation 
process proceeded at approximately the same rate as that following the 
initial injection. Similar results were obtained when the second estrogenic 
stimulation was delayed until 48 hours. Accordingly it was concluded 
that the activation process (Fig. 2) failed to continue beyond 18 to 20 
hours following a single 10.0 y dose of a-estradiol, owing to a limiting avail- 
ability of estrogen at this time. Presumably the level was metabolically 
lowered below 0.1 ¥ of a-estradiol or its equivalent. 

Effect of Other Estrogens—Other estrogens were tested for this ability 
to increase the glycine incorporation of surviving uterine horn segments. 
It is shown in Table II that a-estradiol, diethylstilbestrol, and the methyl 


TaBLeE II 
Effect of Pretreatment in Vivo with Other Estrogens on Subsequent Incorporation of 
Glycine-2-C' by Surviving Uterine Segments in Vitro 
Pretreatment period, 6 hours. System as under ‘‘Methods;”’ incubation time, 2 
hours. 





| 
Pretreatment Isolated protein residue 


C.p.m. per mg. 


IERIE SU ce ti GE A oor las Sa Mah | 78 
UTS |G 2a ve ee | 146 


Diethylstilbestrol, 10 y.................. cee eee eens | 141 
Bisdehydrodoisynolic acid, 10 y (methyl ether)....... | 143 





ether of bisdehydrodoisynolic acid? stimulated the incorporation of glycine 
to the same extent. Thus chemically dissimilar estrogens elicited the same 
biochemical response. It was not possible to evaluate the relative es- 
trogenic potency of these compounds from the data, since the 10 y dose 
elicited a maximal response in all cases. 

Identity of Incorporated Radioactivity—In view of the numerous reports 
on the adsorption of glycine on homogenate proteins and to a lesser extent 
on tissue slices, the mercaptoethanol and performic acid procedures of 
Peterson and Greenberg (12) were applied to the isolated proteins in an 
attempt to dissociate adsorbed amino acids or peptides carrying radio- 
activity. The results in Table III demonstrate that no more than 8 per 
cent of the counts in the case of the mercaptoethanol treatment and 16 per 
cent in the case of performic acid oxidation were lost. In addition there 
was no significant difference between the results with the proteins from 
estrogen-activated or control uteri. 

The chemical nature of the incorporated radioactivity was determined 
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by the isolation of the glycine and serine released by acid hydrolysis of 
the proteins. Samples of protein residues (2.5 to 4.0 mg.) were hydro- 
lyzed with 1.0 ml. of 6 N HCl in sealed tubes at 100° for 18 hours. The 
hydrolysates were then diluted with water so that 1.0 ml. contained the 
amino acids from 1.0 mg. of original protein. Separate 1.0 ml. samples 


TaBLe III 


Effect of Mercaptoethanol and Performic Acid Treatment on Specific Activity 
of Protein Residues Labeled with Glycine-2-C™ (12) 














Treatment Uteri Before | After | Per cent loss 
7 | cpm. per mg. | cpm. perme. | 
Mercaptoethanol Activated 201 185 | 8 
ef Controls 81 77 5 
Performic acid Activated 217 182 16 
¢ “ Controls 90 78 13 
Tasie IV 


Distribution of Radioactivity between Serine and Glycine in Protein 
Residues Following Incorporation of Glycine-2-C™ 
Activated uteri from animals pretreated with 10 y of a-estradiol 4 hours prior to 
incubation in vitro. The incorporation of glycine-2-C™ was carried out as under 
“Methods” except that 15 y of glycine (15,000 c.p.m. per y) were added to the re- 
action mixture initially. The specific activity of the glycine at the end of a 2 hour 
incubation period varied from 6300 to 6700 c.p.m. per y. Glycine and serine were 
isolated as the 2,4-dinitrophenyl derivatives after hydrolysis and addition of carrier. 




















Type of uterus Isolated protein ~~, ae Recovery as serine Per oe 
| c.p.m. per mg. C.p.m. per mg. | c.p.m. per mg. | 
CMM: es | 934 928 146 | 115 
CONVO AS INS anc MAE 953 | 895 156 111 
Activated: 660c5i556 1476 1335 244 107 
es Mig iio anherottrs 1880 1840 294 113 





were taken for serine and glycine isolation, to which 4.0 mg. of the re- 
spective amino acids were added as carrier. The dinitropheny] derivatives 
were prepared and isolated by chromatography on buffered Celite columns 
according to the method of Perrone (13). These derivatives were plated 
directly on weighed aluminum plates and counted for radioactivity. The 
results (Table IV) demonstrated that an average of 86 per cent of re- 
covered radioactivity was present in the form of glycine and only 14 per 
cent was incorporated as serine. There was no significant difference in this 
distribution due to estrogen stimulation. 
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Effect of Metabolic Inhibitors—In agreement with other studies on amino 
acid incorporation into surviving tissues, this reaction was highly depend- 
ent on oxygen (14); when the reaction was carried out in nitrogen, the 
incorporation was reduced to approximately 3 per cent of that of the 
oxygenated controls. 

No significant uptake was obtained when cell structure was disrupted 
by homogenization, although the system was fortified with 0.003 m hexose 
diphosphate, 0.0007 m adenosinetriphosphate, 0.01 m nicotinamide, 200 
of diphosphopyridine nucleotide, 200 y of triphosphopyridine nucleotide, 


A B c 
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CONTROLS 
MALONATE 
CONTROLS 
DNP .OOOI M. 


2 
oO 
= 
2 


DNP .OOO5 M. 


CONTROLS 
PROG. 20% 
PROG. 507% 


Fra. 4. The effect of 0.0001 m NaCN, 0.01 m Na malonate, 0.0001 m, 0.0005 m di- 
nitrophenol, and progesterone added to the in vitro system on the incorporation of 
glycine-2-C™ by a-estradiol-stimulated and control tissues. Estradiol pretreatment 
in vivo, 4 hours for A and B, and 6 hours for C; system as under ‘‘Methods;”’ incuba- 
tion period, 2 hours. In C glycine, 250 c.p.m. per y, was used. 


0.0066 m ketoglutarate, 300 y of Amigen,‘ 0.003 m MgCl., and 0.016 m 
KH2PO.-K,HPO, at pH 7.4 in a total volume of 3.0 ml. 

The inhibiting actions of NaCN, Na malonate, and dinitrophenol on 
glycine incorporation in vitro are illustrated in Fig. 4. It is apparent that 
the inhibitors depress the incorporation of glycine to nearly the same 
absolute amount in both control and estrogen-activated uteri. This is 
compatible with the inhibition of reactions in both types of tissue (pre- 
sumably reactions involving energy maintenance) which are necessary for 
the incorporation of the amino acid, but are not directly under the in- 
fluence of the estrogen. 


4 Amigen N was an enzymic digest of purified casein and pork pancreas containing 
amino acids and polypeptides. This was obtained from Mead Johnson and Company. 
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Inhibition of Glycine Incorporation by Serine and Formate—In view of 
the interrelationships of glycine, serine, and formate the effects of the last 
two substances were tested on the in vitro system with both stimulated and 
control tissues (Fig. 5). On increasing the concentration of either formate 
or L-serine® (non-isotopic) in the in vitro reaction mixture to 0.01 m con- 
centration, it was demonstrated that the estrogen-accentuated incorpora- 
tion of glycine was largely eliminated and the two tissues showed similar 
uptakes; higher concentrations depressed the glycine-incorporating activity 
of both types of uteri to the same level. (pi-Serine gave a similar re- 
sponse.) Glycolic acid and glutamic acid did not exhibit this effect, and 
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Fia. 5. The inhibitory action of L-serine and sodium formate on glycine-2-C™ 
incorporation in vitro by estradiol-activated uterine segments. E = activation 
in vivo with 10 y of a-estradiol; C = controls. The activation period in vivo was 6 
hours for experiments with formate, serine, and Na glycolate, but only 4 hours for 
glutamate. System as under ‘“‘Methods;’’ incubation time, 2 hours. 


in other experiments puL-valine, pi-leucine, and DL-isoleucine were also 
found non-toxic for both types of tissue. The explanation of these ob- 
servations is the subject of further study. 

Inhibition of Glycine Incorporation by Progesterone and Desoxycorticos- 
terone—In the process of testing other steroids in the zn vitro incubation 
system, it was found that progesterone? at low concentrations exhibited a 
striking inhibition both in the controls and estrogen-treated systems (Fig. 
5). Previous estrogen administration to the animal or addition of 1.0 y 
of a-estradiol to the incubation flask did not alter the inhibition by proges- 
terone in vitro. Desoxycorticosterone? (Fig. 6) was also inhibitory, but to 
a lesser degree. Compound E,? Compound F,? and testosterone? at levels 
as high as 100 y per flask were non-toxic in the incorporation system. 


5 Dr. G. W. E. Plaut generously supplied the t-serine for these experiments. 








86 GLYCINE INCORPORATION IN UTERUS 


Numerous attempts were made to activate the uteri by addition in 
vitro of 0.001 to 100 y of a-estradiol per flask. With 0.1 and 1.0 y per flask 
occasional stimulation as high as 30 per cent was noted, but positive ex- 
periments could not be predicted; with the higher levels (100 y per flask) 
slight inhibition (10 to 20 per cent) was routinely observed. Estrone,? 
diethylstilbestrol, and bisdehydrodoisynolic acid were also inactive at 0.001 
to 100 y per flask. 

Simultaneous Administration of Testosterone and a-Estradiol in Vivo— 
Since certain reports have indicated an antagonism between androgens 
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¥ DESOXYCORTICOSTERONE 
Fia. 6. The effect of varied levels of desoxycorticosterone on glycine-2-C™ in- 
corporation in surviving segments of a-estradiol-activated and control uteri. 
System as under ‘‘Methods;”’ incubation time, 2 hours; estradiol pretreatment in 
vivo, 6 hours. 


and estrogens (15, 16), it was decided to test the effect of an androgenic 
hormone on the estrogen activation of glycine incorporation; 1 mg. of 
testosterone dissolved in 0.25 ml. of propylene glycol was injected in- 
traperitoneally into six rats, while six other rats received control injections 
of propylene glycol alone. Three rats of each group received 10 ¥ of a- 
estradiol intravenously at the same time. After 6 hours all of the animals 
were killed and the uterine tissues incubated with glycine-2-C™“. The re- 
sults (Table V) show that testosterone administration under these condi- 
tions does not antagonize the estrogen effect at the end-organ; in fact, 
testosterone also appeared to have a significant stimulating effect on glycine 
incorporation which was additive to that obtained with estrogen alone. 
Since the dose of estrogen used was not limiting (a 100-fold excess, see 
Fig. 3), testosterone must have stimulated glycine incorporation in a 
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manner quite different from that of a-estradiol. In this test system the 
hormones do not appear to be direct antimetabolites of each other (17). 


TABLE V 


Effect of Combined Pretreatment in Vivo with a-Estradiol and Testosterone 
on Glycine-2-C™ Incorporation in Surviving Rat Uteri 


a-Estradiol (10 y intravenously), testosterone (1 mg. in 0.25 ml. of propylene glycol 
intraperitoneally), or control solutions were administered 6 hours prior to the in- 
cubation with radioactive glycine in vitro. System as under ‘‘Methods;” incubation 
time, 2 hours. 

















Pretreatment with 
_ Isolated protein residue 
Estradiol, 10 Testosterone, 1 mg. 
| c.p.m. per mg. 
0 0 98 
0 ot 132 
40 0 155 
a a5 179 
Tass VI 


Comparison of Effects of a-Estradiol Pretreatment in Vivo on Incorporation of Glycine, 
Tryptophan, and Alanine in Surviving Uterine Segments 


System as under ‘‘Methods;”’ incubation time, 2 hours. 





Isolated protein residues 























Labeled compound C.p.m. per flask Concentration 
Control | Activated 
4 hrs. estradiol activation 
M |¢.p.m. per mg.|c.p.m. per mg. 

Glycine-2-C™.............. 2.15 X 105 | 0.01 68 99 
Tryptophan-8-C™%.......... 10 X 108 | 2.4 X10* | 140 | ~~ 169 
Alanine-2-C¥.............. 4.5 X10" | 5.6 X 10-5 | 144 140 

8 hrs. estradiol aetivation 

| | 
Os ikl) ey OL enn ere 2.15 X 10° | 0.01 39 83 
Tryptophan-8-C™%.......... / 1.0 X 108 | 2.4 xX 10-4 134 234 





Effect of Estrogen Treatment on Incorporation of Other Amino Acids—To 
determine whether or not the activating influence of estrogen on glycine 
incorporation extended to the incorporation of other amino acids, experi- 
ments were carried out with alanine-2-C" and tryptophan-8-C" in surviving 
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uteri.6 The results, depicted in Table VI, demonstrate that pretreatment 
with a-estradio] resulted in a higher specific activity of the proteins when 
tryptophan was the precursor; this effect was not apparent when alanine 
was the labeled amino acid. This last observation is in agreement with 
the findings of Frieden et al. (9) on alanine incorporation by urogenital 
tissues under estrogen influence. However, the explanation of this ap- 
parent difference between amino acids requires further investigation into 
the endogenous production of alanine in estrogen-activated uteri; the lack 
of estrogen stimulation of alanine incorporation could be explained by 
higher dilution with endogenous alanine in the estrogen-treated tissue. 
Additional essential and non-essential amino acids should be included in 
this study. 


DISCUSSION 


In these experiments it has been demonstrated that the activation of the 
glycine-incorporating system is one of the earliest biochemical responses 
to estrogen treatment in vivo. This effect occurred prior to the reported 
period of increased mitotic rate and cellular proliferation (8, 18); therefore 
it would appear to reflect the action of the estrogen on the latent cells of 
the atrophic uterus rather than an altered histology due to prolonged es- 
trogenic action. Accordingly, this effect may be associated with or result 
from the mobilizing action of a-estradiol on the growth processes in this 
tissue. 

The observation that 0.1 y of a-estradiol produced a maximal rate of 
activation during the first 6 hours implies estrogen saturation of the re- 
sponsive system. This level is within the limits of the accepted uterine 
water test (2). Attempts are being made to establish the stoichiometry 
between estrogen and the acceptor systems with the aid of the radioactive 
hormone. 

The progressive character of the activation process is compatible with an 
indirect or adaptive response to the administered estrogen which requires 
the continued presence of available active estrogen. At 20 hours after a 
single 10 + dose of a-estradiol this level appeared to be lowered below that 
necessary for continuation of the activation, and a declining rate of glycine 
incorporation was observed. During this phase the responsiveness of the 
uterus to a second administration of a-estradiol was similar to the initial 
response, and it was not possible to demonstrate an accumulation of any 
apoenzymes capable of being reactivated by exogenous estrogen. In con- 


6 I wish to thank Dr. Charles Heidelberger for the preparation of pL-tryptophan- 
6B-C™ and for his assistance with the radioactivity measurements. I am also in- 
debted to Nancy Lake, Edith Wallestad, and Dorothy McMannus for counting many 
radioactive samples. 
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trast to the concept of an adaptive response, the activation phenomenon 
may be dependent on a limiting rate of formation of “active” estrogen 
which effects some reaction in the glycine incorporation system. All ex- 
periments to demonstrate any coenzyme form of the estrogen by means of 
tissue juice, dialysates, and homogenates of estrogen-treated tissues have 
been negative so far. Accordingly, localization of the site of estrogen 
action in this system and the mechanism of this response await further 
study. 


SUMMARY 


1. The ability of uterine segments to incorporate radioactive glycine 
and tryptophan into protein was demonstrated to be greatly accentuated 
by pretreatment of the rats with physiological levels of a-estradiol. Ala- 
nine incorporation was not stimulated. 

2. A maximal rate of activation of the glycine-incorporating system was 
elicited during the first 6 hours with 0.1 y of a-estradiol. Data on the 
duration of action of a single intravenous dose of a-estradiol are presented. 

3. Serine and formate at 0.01 m concentration in the in vitro incubation 
system decreased the extent of glycine incorporation by uterine segments 
from estrogen-treated rats without significantly affecting the control tissues. 

4. The addition in vitro of progesterone and desoxycorticosterone to the 
incubation medium was inhibitory to the glycine-incorporating system in 
both estrogen-treated and control tissues. 

5. The simultaneous administration in vivo of testosterone and a-estra- 
diol exhibited additive stimulatory effects; no antagonistic action was 
observed under these conditions. 

6. The relationship of estrogen to the activation or mobilization of 
latent growth processes is discussed. 


I wish to thank Dr. G. N. Yanagi for his assistance in a portion of this 
work. 
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THE METABOLISM OF EPITESTOSTERONE BY RABBIT 
TISSUES IN VITRO* 


By CHARLES D. KOCHAKIAN anp DAN M. NALL 


(From the Oklahoma Medical Research Institute and Hospital, Oklahoma City, 
Oklahoma) 


(Received for publication, November 13, 1952) 


Previous experiments in vitro (2-4) have demonstrated that rabbit liver 
and kidney will interconvert testosterone and A‘-androstene-3 , 17-dione. 
In both instances epitestosterone also was characterized as a metabolite. 
It has been demonstrated, now, that these tissues can metabolize epi- 
testosterone to A‘-androstene-3 ,17-dione, testosterone in trace amounts, 
and other compounds which were not identified. 


EXPERIMENTAL 


Purification of E'pitestosterone—The provided epitestosterone! was puri- 
fied further by chromatography on alumina with benzene containing in- 
creasing amounts of absolute alcohol or ether as the eluting solvent. The 
mid-fractions were pooled, recrystallized from ethyl alcohol-water or ace- 
tone-water, and dried over POs, m.p. 221—223.5°. 

Procedure—The tissues were removed aseptically from non-fasted adult 
male rabbits, weighing 3.4 to 4.0 kilos, which were anesthetized with Dial- 
urethane! or killed by a blow at the base of the skull. The tissues for each 
group of experiments were obtained from the same animal. The incuba- 
tions were carried out at the same time. The liver slices were prepared 
with a Stadie-Riggs microtome, the homogenates in a Waring blendor, and 
the tissue suspension by means of a loose fitting Potter-Elvehjem type 
homogenizer. 

The extraction and fractionation procedures have been described (2, 3). 
The isolation of the steroids was accomplished by chromatography with 
washed alumina (Harshaw) and eluting solvents of either benzene with 
increasing amounts of absolute alcohol or mixtures of benzene, ether, and 
methyl alcohol. The various fractions were then further characterized by 
the m-dinitrobenzene color test (5) to detect the 17-keto group, the Kagi- 


* Publication No. 25 from the Oklahoma Medical Research Institute and Hospital. 
Part of the data was presented before the American Society of Biological Chemists 
(1). This investigation was supported by an institutional grant from the American 
Cancer Society and by a grant on recommendation of the Committee on Growth of 
the National Research Council. 

‘The Dial-urethane and the steroids were generously provided by Ciba Pharma- 
ceutical Products, Inc. 
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Miescher color tests (6) for the 17-hydroxyl groups, and paper chromatog- 
raphy (7). Final identification was accomplished by classical methods. 


TaBLe [ 
Conversion of Epitestosterone to A*t-Androstene-3,17-dione by Rabbit Tissues 





Incubation (3 hrs. at 37.5°) Steroids isolated 








| Epites- | Epites- | Andro- 








Conditions Tissue toster- _toster- | stenedi- 
one one one 
Kidney 
it ; gm. | omg. mg. mg. 
Pramamonater 305 PAS sd ooh | 100 (6)¢ | 600 578 4.3 
Liver 
CE CIPTLEN COS A aa Pecan A ar Fed Wee | 72 (6) 600 569 1.8 
SO) CSAS Se ce rs 72 (6) | 600 512 1.8 
LLL a Rr ae Pana, SUE ee AER RSE | O 100 97 0° 
HIRAROTAUB Oi jc ctrl bee PO ee eds 12 (1) 0 0 0 
ae incubated, then steroid added in al- 
RR INN al SE AC an ees 12 (1) | 100 9 | 0 
CEE TE OD gen ee ee On a ea | 24 (2) 200 185 1.8 
Y Uwe TOR... sss... .ss.s] ee | ae 166 43 
Boiled tissue suspension§...................... ; 30 (2) 200 188 0 
Tissue suspension.........................0.085 | 30 (2) | 200 189 1.5 
fe 2 ae TSS mee NA. 20) os cicc ies 3) BOR) 200 163 5.5 
«“ «“ +1332 “ “+8mg-heparin.) 30 (2) | 200 154 55 





* Homogenate prepared in a Waring blendor. Each homogenate contained 100 
ml. of Krebs-phosphate buffer. The slices contained 75 ml. of Krebs-phosphate 
buffer and 25 ml. of rabbit serum. In all other experiments, 100 ml. of Krebs- 
Ringer-bicarbonate buffer were employed. 

+ Experiments (in parentheses) pooled for isolation of metabolites. 

t NA = nicotinamide. 

§ Prepared with a loose fitting Potter-Elvehjem type homogenizer. 


Results 


Metabolites—A‘-Androstene-3 , 17-dione was the chief metabolite isolated 
in every experiment. It was identified in each instance by melting point, 
before and after mixture with an authentic specimen, paper chromatography 
(7), and finally by infra-red analysis.? Thus, the metabolite from the liver 
slice experiment had a melting point at 168-175° and a mixed melting point 


2 Rr = (movement of steroid)/(movement of testosterone) in the paper chro- 
matogram. 
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at 168-174° (authentic specimen, m.p. 172-175°). The R,? and infra-red 
spectrum’ were identical with those of the known compound. 

In all except the control experiments, testosterone was indicated in trace 
amount by paper chromatography (7). In addition, at least two, and pos- 
sibly a third, keto metabolites were recognized by filter paper chromatog- 
raphy. These compounds were more polar than testosterone and had 
properties similar to those of the trioxygenated metabolites obtained after 
incubation of testosterone with guinea pig liver and kidney homogenates 
((8); unpublished). 

Effect of Tissue Preparation and Buffer—The results obtained with liver 
slice, tissue suspension, and kidney homogenate were similar (Table I). 
The buffer medium, saline-phosphate versus Krebs-Ringer-bicarbonate, did 
not influence the results. The pH of the mixture, however, at the end of 
the incubation had dropped from 7.4 to 6.9 to 7.0 in the saline-phosphate 
medium but was maintained at 7.4 or slightly increased in the Krebs- 
Ringer-bicarbonate medium. 

Effect of Nicotinamide—The addition of nicotinamide effectively increased 
the amount of A‘-androstene-3 ,17-dione formed but not of the other me- 
tabolites. The preparation of the tissue as homogenate or tissue suspen- 
sion made no difference in the results. An increase of the nicotinamide 
from 333 to 666 mg. per flask produced a slightly greater amount of only 
A‘-androstene-3 ,17-dione. The addition of heparin in an attempt to in- 
crease the solubility (cf. (9)) of the epitestosterone did not enhance or 
detract from the effect of the nicotinamide. 

Total Recovery—The amount of epitestosterone recovered and accounted 
for was similar to that of the control in all of the experiments except in 
those with liver slices and the tissue suspensions containing nicotinamide. 

The endogenous cholesterol was the only steroid which could be isolated 
or recognized in the non-ketonic fractions. 


DISCUSSION 


The conversion of epitestosterone to A‘-androstene-3 , 17-dione by rabbit 
tissues completes the establishment of the equilibrium testosterone = A‘- 
androstene-3 , 17-dione = epitestosterone, suggested by the previous stud- 
ies with testosterone (2, 3) and A‘-androstene-3 , 17-dione (4). 

The 176-hydroxy] group is more readily oxidized by the enzymes of the 
tissues than the 17a-hydroxyl group. The amount of A‘-androstene-3 , 17- 
dione formed from testosterone is greater (2, 3) than that formed from 
epitestosterone. 

The ability of nicotinamide to enhance the oxidation of a hydroxyl to a 


3 The infra-red analyses were kindly performed by the late Dr. K. Dobriner, 
Sloan-Kettering Institute for Cancer Research. 
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keto group (10) by tissue preparations apparently is a general property. 
These experiments show that the stereoisomerism of the hydroxyl group 
does not prevent this action. Furthermore, the oxidation of the 3-hydroxy! 
group of pregnane-3a ,20a-diol also is increased by the addition of nico- 
tinamide (11). 

The failure to find testosterone in appreciable amounts as a metabolite 
is not surprising, since this compound is formed by the reduction of the 
17-keto group in A*-androstene-3 , 17-dione which was formed in only small 
amounts. 

Epitestosterone as yet has not been found as a naturally occurring com- 
pound. These experiments now indicate that it may be present in the 
body. Furthermore, it may be considered to possess potential androgenic 
activity. The inability to detect any biological activity for this steroid to 
date is undoubtedly due to its low rate of conversion by the tissues to the 
biologically active A*-androstene-3 , 17-dione. 


SUMMARY 


Epitestosterone was metabolized by rabbit liver slices, homogenate and 
tissue suspension, and kidney homogenate to A‘-androstene-3 , 17-dione. 
Paper chromatography and other tests indicated testosterone and three 
uncharacterized compounds as other metabolites. In the absence of nico- 
tinamide, all of the original epitestosterone was accounted for except a 10 
per cent loss in the liver slice experiments. The addition of nicotinamide 
to liver homogenate produced a 4-fold increase in the conversion to A*- 
androstene-3 , 17-dione but about 10 per cent of the original epitestosterone 
again could not be accounted for. 
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BIOSYNTHESIS OF UREA 
V. ISOLATION AND PROPERTIES OF ARGININOSUCCINIC ACID* 


By S. RATNER, BARBARA PETRACK, ann OLGA ROCHOVANSKY 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, February 2, 1953) 


The biosynthesis of arginine from citrulline involves an adenosinetriphos- 
phate-dependent condensation of citrulline with aspartic acid to form an 
intermediary condensation product (1-4), and this is followed, in a sepa- 
rate step, by the cleavage of the intermediate to arginine and fumaric acid 
(5). The new amino acid, only briefly described previously (2, 6), has 
been prepared biosynthetically on a relatively large scale for the elucidation 
of chemical structure and as substrate for the splitting enzyme. It forms 
an alchohol-insoluble barium salt of varying composition and may also be 
obtained in the free, isoelectric state, about 95 per cent pure, as an optically 
active, acidic, amorphous material, extremely water-soluble. The analyt- 
ical data, dissociation curves, and chemical behavior confirm the structure 
provisionally assigned (1), for which the name argininosuccinic acid is ap- 
propriate (formula I). In aqueous solution the compound undergoes spon- 
taneous conversion to the anhydride by cyclization, represented as a five- or 
six-membered ring in formulas II and III. The anhydride has been ob- 
tained in crystalline form and is entirely devoid of activity as substrate for 
the splitting enzyme. It can be transformed to the ‘active’ compound 
by exposure to alkali. The rate of interconversion appears to be entirely 
dependent on pH and temperature. 





(2) (2) 

H H COOH ' COOH H HN C=O 
| 3 

N——C—N—CH ae ost ramet 
| | | | | 
(CH.); NH CH, (CH.); NH CH, (CH); CH, 
HC—NH, COOH HC—NH, C=O HC—NH. COOH 

(3) | | (3) 

COOH COOH COOH 

(1) (1) (1) 

(1) (I) (II) 





* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. 
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Isolation and Purification—Preparations of argininosuccinic acid ob- 
tained by two different methods are identical. Method A starts with ci- 
trulline, aspartic acid, a source of high energy phosphate, and the isolated 
enzyme system which catalyzes the condensation reaction; Method B starts 
with arginine and fumaric acid and utilizes the splitting enzyme, since the 
reaction catalyzed by the latter has proved to be reversible. Anhydride 
formation is virtually prevented during isolation by chilling and by main- 
taining a neutral or alkaline pH except for the brief exposure to trichloro- 
acetic acid. Isolation and purification consist essentially in repeated frac- 
tional precipitation of the barium salt with alcohol at alkaline pH. In 
Method A, excess citrulline remains in solution, but contamination by as- 
partic acid can only be avoided by having a sufficiently large excess 
of enzyme to insure its complete removal by condensation. Phosphogly- 
cerate, inorganic phosphate, and adenosine polyphosphate impurities are 
largely removed during refractionation, leaving trace contamination; nucle- 
otide impurities may be detected spectrophotometrically at 260 mu. In 
Method B, the equilibrium of the enzymatic reaction is such that some ar- 
ginine and fumarate are present at the end of incubation. The former is 
readily removed in the course of isolation, but contamination by fumaric 
acid cannot be avoided. A large proportion is separated as the water- 
insoluble barium salt; however, the fraction remaining in solution is pre- 
cipitated by alcohol along with the main product. For analytical purposes, 
the contaminant was removed with AgsCOs, although this treatment intro- 
duces anhydride formation to a small extent. The free amino acid is pre- 
pared by removal of Ba**+ with H.SO,, followed by lyophilization. 

Purity and Structure of Argininosuccinic Acid—Three preparations are 
described in Table I. Preparations 1 and 2 are barium salts obtained by 
Methods A and B, respectively. Preparation 3 is the free amino acid ob- 
tained from Preparation 2. Although the compound is characterized by 
the presence of an a-amino group, a more strongly basic disubstituted guan- 
ido group, and three carboxyl groups, one of which is @ to the free amino 
group, none of the available chemical methods of estimation possesses the 
required specificity or can distinguish between the anhydride and the “‘ac- 
tive’ form. Quantitative estimation by means of the splitting enzyme (5) 
serves this purpose. Analytical data relating the a-amino nitrogen, a-am- 
inocarboxy! COs, barium content, and enzymatic assay to the total nitro- 
gen are given in Table I. These were estimated, respectively, by 
the Moore and Stein colorimetric ninhydrin method (7) with leucine as 
standard, the manometric chloramine-T procedure described by Cohen (8), 
the Pregl method, the specific enzymatic method described in the following 
paper, and the Kjeldahl procedure. 

It may be seen that the molar ratios, except for barium, agree closely 
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with theory in the three preparations. The data in the lower half of Table 
I show that the free amino acid is 97 per cent pure on an absolute basis, 
as judged by the nitrogen content, but that this value appears high, owing 
to the fact that 7 per cent ring closure has occurred during two lyophili- 
zations and the removal of barium and fumarate. The salts are practically 
free of nitrogenous impurity and of anhydride, but the barium content 
varies with the conditions of precipitation. Preparation 1, containing 2.41 
barium equivalents per mole, was reprecipitated at pH 9 in the presence of 
excess Ba**, while Preparation 2, containing 1.70 equivalents, was repre- 


TABLE [ 
Analysis of Argininosuccinic Acid and Barium Salts 














Barium salts | Free amino acid 
Analytical method ee, eee ot AA et 7 at a 
| Preparation 1 Preparation 2 | Preparation 3 
| pM per | molar uM per molar uM per | molar 
mg. | vatio | mg. ratio | mg. ratio 
Totalinitrogeny..:').'.i22.20...4eet 7.30 | 4.00 | 8.44 | 4.00 | 13.43 | 4.00 
a-Amino nitrogen................ 1.90 | 1.04 | 2.11 1.00 3.36 | 1.00 
Pe rs | 2.36 | 1.10 | 3.33 | 1.08 
Barium (equivalents)............ 4.41 | 2.41 | 3.58 | 1.70 | 
Enzyme assay...............0.0. 1.77. 0.97 | 2.10 | 1.00 | 3.11 | 0.93 
Total nitrogen (theory), %....... 12.36 | 13.82 19.30 
6 cs Gound)i.% . 2.25. 10.23 11.70 18.80 
Purity (from total N), %........ 82.7 84.7 97.4 
«(enzyme assay), %.. 80.1 | 85.0 90.4* 
uM per mg. (theory).............| 2.21 | 2.47 3.44 





| ; 
* [a]>* +16.4° (2.90 per cent in H,O); +26.6° (2.90 per cent in 0.5 n NaOH); +5.2° 
(2.90 per cent in 0.5 nN HCl). The values are not corrected for purity. The purity, 
before removal of fumarate, was 95 per cent. 





cipitated without further addition or adjustment. A salt containing 
3 equivalents of barium has not been obtained, and this is evidently due 
to the high basic strength of the guanido group. In order to calculate the 
purity of the salts on an absolute basis, a molecular weight was assumed 
which takes into account the estimated equivalents of barium. They 
were found to be 80 and 85 per cent pure, respectively, the “impurity” 
probably being largely alcohol or water of hydration. 

Rate of Anhydride Formation and Reversal—Although no attempt has 
been made to study the kinetics of ring closure systematically, a comparison 
of rates in the range of temperature and pH to which exposure is likely to 
occur clearly shows that the rate increases rapidly with temperature and H+ 
concentration. The specific enzymatic assay was employed to follow the 
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disappearance and appearance of argininosuccinic acid. At the pH of di- 
lute solutions of the free amino acid, about 3.2, ring closure is complete ® 
30 minutes at 100°. The rate is about 6 per cent per 24 hours (followed 
for 6 days) at 0°, and at room temperature proceeds at 7 per cent per hour 
for the first 3 hours and is practically unaffected by a change in concen- 
tration from 0.013 to 0.13 m. 

Transformation of the anhydride to argininosuccinic acid occurs readily 
in dilute alkali. At room temperature, a solution of the anhydride, con- 
taining 10 uM per ml. of 0.1 n NaOH, was converted to the ‘“‘active”’ form 
at the rate of 28, 38, and 44 per cent in 1, 2, and 3 hours.!’ The suscepti- 
bility to alkali interferes with measurements at higher temperatures. A 
close analogy with the behavior of creatine and creatinine (10, 11) is sug- 
gested by these observations. The two forms appear to behave as equi- 
librium mixtures, characterized by a high ratio of anhydride to ‘‘active” 
compound at pH 3.2, which is approached rapidly at 100°, and by a ratio 
very much smaller than 1 at alkaline pH. The ratio may be close to 1 at 
pH 7.2, for the ‘‘active” compound disappears at the rate of 3 to 4 per cent 
in 24 hours at 0° (followed for 8 days), while 40 per cent disappears in 30 
minutes at 100°. 

It may be stated, for practical purposes, that neutralized aqueous solu- 
tions retain almost full activity for several weeks when stored at —18°. 
The solid barium salt and lyophilized free amino acid undergo practically 
no change after storage for several months at 0° under anhydrous condi- 
tions. In view of the ease of mutual interconvertibility, it can hardly be 
overemphasized that the identity and purity of the free amino acid should 
be established by specific methods. A compound, thought to be identical 
with argininosuccinic acid, has been prepared enzymatically by Walker 
with Chlorella extracts (12). His data indicate that a major fraction had 
been converted to the anhydride during the isolation procedure which in- 
volved elution from Dowex 1 with 4 n HCl. 

Argininosuccinic Acid Anhydride—The anhydride has been prepared 
from argininosuccinic acid in 70 per cent yield. It crystallizes from aque- 
ous alcohol in the form of small needles and rosettes, as shown in Fig. 1. 
The C, H, and N values are in agreement with theory, and the molar ratio 
of total nitrogen to ninhydrin nitrogen to COs was found to be 
4.00:1.09:1.00, indicating that the ninhydrin color is slightly higher for 
the anhydride than for the parent compound. 


1 The possibility of racemization of the anhydride in alkali has not been investi- 
gated. This might occur by a shift of the double bond to the a-carbon of the aspartic 
acid residue or by enolization, as occurs with hydantoins of amino acids (9). If 
racemization does take place, the estimation of the extent of ring cleavage by enzy- 
matic means might not exceed 50 per cent. 
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Of the 5- or 6-membered guanido anhydride ring structures which can 
be written, the two more probable ones are represented in formulas II and 
Ill. For present purposes they are depicted in the un-ionized form and 
resonating structures are omitted. There are three additional possibilities 
involving the disubstituted nitrogen of the ornithine residue, which are 
not shown but may merit some consideration. It may be seen that struc- 
tures II and III cannot be readily differentiated by their chemical proper- 
ties. A second problem is presented by the fact that the isoelectric point 
of the anhydride was found to be unexpectedly high, pH 5.7 as compared 
to 3.5 for argininosuccinic acid. Judging from the pK of creatinine, which 
Cannan and Shore (13) found to be 4.7, it was thought that a similar weak- 





Fic. 1. Crystalline argininosuccinic acid anhydride (X 270) 
ening of the basic strength of the guanido group, and loss of one carboxyl 
group dissociation, should result in a compound whose isoelectric point 
would be determined primarily by the remaining groups (two carboxyls 
and one a-amino). 

Titration Constants—According to formula II, carboxyl groups (1) and 
(2) are free to dissociate, whereas carboxyl groups (1) and (3) are free in 
formula III. In order to distinguish these groups, if possible, and also to 
investigate the dissociation associated with the guanidino anhydride group- 
ing, the various titration constants were determined for this compound 
and for argininosuccinic acid itself. Guanidinosuccinic acid and the corre- 
sponding anhydride, not previously described, were synthesized for com- 
parison. Titration curves for the four compounds are shown in Figs. 2 
and 3, where the points plotted along the ordinate represent experimentally 
determined values of x, that is, acid or base kound. Titration constants, 
pG’, chosen from these values were used to obtain a calculated value for x 
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at each pH, where x = La. The values obtained by calculation are repre- 
sented by the curves. The notation and methods of calculation are those 
defined by Simms (14), except that no correction has been made for ac- 


4 
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Fig. 2. Constructed titration curves and observed acid and base binding of argi- 
ninosuccinic acid (O) and argininosuccinic acid anhydride (@). 
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PER MOL AMINO ACID 





Fig. 3. Constructed titration curves and observed acid and base binding of guani- 
dinosuccinic acid (O) and guanidinosuccinie acid anhydride (@). 


tivity and the method of plotting follows the procedure of Greenstein (15). 
The agreement shown between the calculated and® observed values, par- 
ticularly in the region of carboxyl group dissociation where there are several 
groups of overlapping strength, indicate that the pG’ values are practically 
identical with the apparent dissociation constants, pK’. 

The titration curve for argininosuccinic acid (Fig. 2) shows only four dis- 
sociating groups. A fifth one, representing the disubstituted guanidino 
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group, Which has not begun to dissociate at pH 11, is undoubtedly 
too strong a base to be included in the range of the glass electrode. Simi- 
larly, the curve for guanidinosuccinic acid (Fig. 3) does not include the 
monosubstituted guanidino group. Values for the corresponding titra- 
tion constants and their assignment to specific groups are given in Table 
II, together with published values for a number of other amino acids. 
The allocation of the most acidic group of argininosuccinic acid (pG’; is 


TaBLeE II 
Titration Constants of Argininosuccinic Acid and Related Compounds 


7 er 





. Carboxyl* Guanidino. . +a. | I 
Compound ___| anhydride | a-Amino | Guanidino plt 
| COOH(1) | COOH(2) | COOH.) | 
| | | | 
Argininosuccin’ (pG’1) | (pG’s) | (pG’s) (pG’,) | (pG’s) 
acid | 1.62 | 2.70 | 4.26 | 9.58 | >12 | 3.48 
Argininosuccinic (pG’1) | (pG’2) | (pG’s) | (pG’s) | | 
acid anhydride | 1.86 | | 3.26 | 8.10 | 9.55 | | 5.68 
Guanidinosuccinie | | (pG’s) | (pG’2) | | | (pG’s) | 
acid | | 2.65 | 4.26 | | | >12 3.46 
Guanidinosuccinic | (pG’1) | (pG’e) | 
acid anhydride | | 3.23 | 5.60 | | 4.42 
Aspartic acid | 2.01 | 3.90 | | 9.84 | 2.98 
Arginine 1.81 | | 9.01 13.2 10.76 
Ornithine f Sal | | | 8.69 9.70 
Creatine 2.62 | | | 14 (Ca.) 
Creatinine | | | | 4.78 | 
N,N’-Diethyl- | | | | 10.30 
guanidine | | | | 


* Positions of carboxyls (1), (2), and (3) as indicated in formula I. 
{ Calculated. The observed pH of dilute aqueous solutions of the first four 
compounds was 3.5, 5.4, 3.4, and 4.3, respectively. 


1.62) to COOH(1) is justified by the corresponding values reported for 
arginine (16, 17) and ornithine (16). In view of the published values for 
the two carboxyl groups of aspartic acid (16), the assignment of pG’. and 
pG’; (2.70 and 4.26) to the a and 8 positions of the aspartic acid moiety is 
reasonable, particularly since the corresponding values for guanidinosuc- 
cinic acid are in excellent agreement. 

Of the basic groups, pG’s, with a value of 9.58, can be assigned to the 
a position of the ornithine residue. The strength of the disubstituted 
guanidino group pG’;, which must be greater than 12, would appear to 
have a value closer to that of the monosubstituted compounds, arginine 
and guanidinosuccinic acid, than to N,N’-diethylguanidine (18), al- 
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though correspondence to the latter might be predicted as a result of re- 
stricted resonance (19). 

Argininosuccinic acid anhydride exhibits four dissociations, two in the 
acid region as expected, and two in the alkaline region. Of the latter two, 
pG’, with a value of 9.55, can be ascribed to the ornithine moiety. How- 
ever, the pG’; value of 8.10 is unexpectedly high by comparison with 
creatinine (13). The corresponding value, 5.60, for guanidinosuccinic 
acid anhydride lies between the two, closer to creatinine. There can be 
little doubt that the two values 8.10 and 5.60 actually represent weakly 
basic groups. A crystalline hydrochloride of the latter compound has 
been obtained, and, though the dihydrochloride of the former was amor- 
phous, analysis corresponded approximately to such a salt. The extent to 
which the originally strong guanidino group is weakened by anhydride 
formation apparently varies with the substituents. 

Allocation of the acidic groups of argininosuccinic acid anhydride offers 
difficulty. The value 1.86 for pG’; conforms to expectation for the or- 
nithine residue, but the assignment of pG’s, with a value of 3.26, can be 
little more than speculative. This applies also to the value of 3.23 for 
pG’, of guanidinosuccinic anhydride. For purposes of discussion, they 
have been assigned to carboxyl group (3), as required in formula ITT, but 
the decision is left open for the following reasons. (a) Just as the 6-car- 
boxyl group of aspartic acid, with a pG of 3.90, has become weaker (4.26 
for arginino- and guanidinosuccinic acids) by introducing a more strongly 
basic group into the @ position, the weakening of the basic substituent by 
ring closure may be expected to have the opposite effect of strengthening 
the 8-carboxyl group. This appears to have occurred in the two an- 
hydrides for which pG’ values of 3.26 and 3.23 were found. Somewhat 
similar reasoning does not, however, exclude the possibility of assignment 
to carboxyl group (2). (6) It is generally accepted that ureidosuccinic 
acid forms the corresponding hydantoin on ring closure. Although for- 
mation of the 6-membered pyrimidine ring may theoretically occur, the 
5-membered ring is evidently more stable. Ring closure in guanidinosuc- 
cinic acid may follow an analogous pattern. Whether argininosuccinic 
acid can be expected to behave similarly is more doubtful, since the pG’ 
value for the anhydride of the latter is considerably higher, and the ab- 
sorption spectrum (shown in a later section) is somewhat different. 

Cleavage with Alkali—On boiling argininosuccinic acid with strong 
Ba(OH),: solution, 1 mole of NH; is evolved. The rate is rapid at first 
(0.3 mole in 2 hours), gradually slows off, and is complete in 21 hours or 
less. pu-Ornithine and pL-aspartic acid were obtained in close to theoreti- 
cal yield. If citrulline is a product of the decomposition, it must be broken 
down as rapidly as it is formed, for separate experiments with 1 N NaOH 
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at 100°, in which urea and citrulline formation were followed colorimetric- 
ally, at half hour intervals, revealed little more than 2 or 3 per cent in 2 
hours. The results indicate that in strong alkali, at least, the pathway of 
major breakdown to ornithine, NH3, COs, and aspartic acid occurs by 
multiple cleavage, as shown below. 


, NH COOH H: COOH 
ll | | | 

N-+-C—-N—CH +2H,0—>N +NH, + CO, + N—CH 

| | Bidiwid | 


R i H R’ R H, R’ 





The possibility of a single primary cleavage to citrulline and aspartic acid, 
under considerably milder conditions, followed by secondary decomposition 
of the former, has not been investigated. 

Alkaline cleavage of the anhydride appears to occur in a different way. 
In strong Ba(OH): solution, NH; is evolved more slowly (17.5 per cent in 
2 hours and 91 per cent in 24). At the end of this time, 85 per cent of 
theory appeared as ornithine and 60 per cent as aspartic acid. Separate 
experiments with 1 N NaOH at 100°, in which ornithine (20) and uramido 
formation? (characteristic of a-ureido acids) was estimated, indicated that 
both were formed with considerable rapidity. While some of the anhydride 
is probably converted to the parent compound and is decomposed ac- 
cordingly, the results suggest that decomposition also proceeds along a 
second route in which ornithine and 5-(acetic acid)-hydantoin (or a pyrim- 
idine) are the primary products. The latter would then be converted to 
ureidosuccinic acid, which, as separate experiments indicate, is broken 
down more slowly to aspartic acid, CO2, and NH; as shown. 





H NH——C=o NH——C=0 
| | | | | HO 
N—C CH +H.0 —>NH, +] 0=C 7 ee 
fe Oeste | et 
R N R’ R N R’ 
H 
NH, COOH COOH 
| H.O : ) 
Oo=C CH — CO. + NH; + H.N—CH 
‘eu | 
N R R’ 
H 


The high susceptibility to alkali displayed by these two compounds is 
also preeminently characteristic of arginine (21, 22) and creatine and cre- 
* Personal communication from S. Grisolia, who provided the details of an un- 


published method by S. B. Koritz and P. P. Cohen for the estimation of urei- 
doglutarie acid. 
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atinine (23). This ease of degradation and the identification of the prod- 
ucts of cleavage are in accordance with the behavior expected of a sub- 
stituted guanidine which contains aspartic acid and ornithine residues. 

Behavior in Strong Acid—Conversion of the “active” compound to the 
anhydride is extremely rapid in acid solution at 100°, as mentioned above. 
The latter, by contrast, appears to be quite stable in strong acid. After 
exposure to boiling 6 Nn HCl for 4 days, 70 per cent was identified as the 
starting material, about 5 per cent as aspartic acid, and a roughly equal 
amount as an unidentified ninhydrin-reactive basic material other than 
ornithine. 

Other Properties—The “active” compound and the anhydride give well 
separated ninhydrin spots on paper chromatograms with 80 per cent phenol- 
water. The R,y values were 0.27 and 0.49, respectively, as compared to 
0.12 and 0.24 for aspartic and glutamic acids. There was very little change 
in the presence of NH3. 

With a long Dowex 50 column, under the conditions employed by Moore 
and Stein (24), argininosuccinic acid is eluted at pH 5; the results are 
complicated, however, by some conversion to the anhydride. 

Both compounds fail to give color under the conditions employed for 
estimating arginine (25), creatine (26), citrulline (27), and urea (28). The 
anhydride gives a color in the Jaffe reaction, which in 5 to 10 minutes 
develops to a maximum equal to one-quarter that of creatinine, and then 
rapidly fades to a low value which the parent compound approaches on 
standing overnight. Further resemblance with creatine and creatinine is 
shown by the ability to reduce Cu** and alkaline ferricyanide. 

As reported briefly elsewhere (6), the anhydride displays high absorp- 
tion in the short ultraviolet region, which appears to be characteristic of 
the guanido anhydride group in general, and is considerably lower before 
ring closure. The absorption curve is given in Fig. 4, together with values 
for creatinine, guanidinosuccinic acid anhydride, and glycocyamidine. 
Since the absorption is pH-sensitive, all measurements were made in 0.01 
M potassium phosphate buffer, pH 7.4. It may be seen that €max. values 
for guanidinosuccinic acid and glycocyamidine at 226 and 224 muy are both 
higher than the émax. for creatinine at 234 my. The peak for arginino- 
succinic acid anhydride is evidently at an even shorter wave-length, for 
the absorption rises steeply, beyond the range of the instrument. Re- 
cently, Gaede and Griittner have described the absorption curve for creat- 
inine (29), with which the data reported here are in agreement. The 
authors have followed the increase in absorption to measure the rate of 
creatinine formation from creatine and to obtain the equilibrium constants.’ 
It is of interest to mention in this connection that the ring opening of 


3 Personal communication from the authors. 
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argininosuccinic acid anhydride by alkali at room temperature, discussed 
in an earlier section, is also evidenced by a progressive decrease in absorp- 
tion. 





0.2F 


0.1F 











0 i] 
200 «210 «220 «6230 »= 240 250 
Mu 
Fig. 4. Absorption spectra of argininosuccinic acid anhydride (®), glycocyami- 


dine (@), guanidinosuccinic acid anhydride (O), and creatinine (G). The solvent 
is 0.01 mM potassium phosphate buffer, pH 7.4. 





DISCUSSION 


The fact that the compound obtained from citrulline and aspartic acid 
is identical with that formed from arginine and fumaric acid supports the 
configuration shown in formula I, and this is substantiated in detail by the 
chemical and physical behavior. With respect to ring size, the constitution 
of the anhydride is somewhat less certain; however, the reversibility of 
ring cleavage and general similarity to compounds of this class indicate 
that the transformation of the “active” to the ‘inactive’ amino acid in- 
volves no more complex rearrangement than anhydride formation. It is 
tempting to speculate in this connection that an enzyme may occur which 
catalyzes ring closure or cleavage, although no positive evidence of this 
has been obtained. 
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In view of the general participation of argininosuccinic acid in arginine 
synthesis per se (4) as well as in urea formation, the natural occurrence of 
the amino acid as such is to be expected, particularly in tissues and or- 
ganisms lacking arginase. The reversible nature of the reaction catalyzed 
by the splitting enzyme increases the likelihood of such a distribution. 
The compound may readily escape detection in the presence of other amino 
acids, since the properties overlap those of several different classes of amino 
acids. An unidentified spot, located by chromatographic analysis of ex- 
tracts of mouse epidermis (30), called ‘‘underglutamie acid,” might prove 
to be associated with the amino acid described here. Roberts and Frankel 
(31) have observed that this tissue is high in urea. Also, the compound, 
already shown to be identical with argininosuccinic acid (4), is present in 
pea extracts, according to Davison and Elliott (32), even before incubation 
with substrates. 

In addition to functioning as the immediate precursor of arginine, it may 
be seen from the chemical structure that several different types of en- 
zymatic cleavage, with or without ring closure, and in positions other than 
the one attacked by the splitting enzyme, may lead to the formation of 
compounds of biological interest, notably in relation to the pyrimidines. 


EXPERIMENTAL 
Preparation of Compounds 


Barium Argininosuccinate (Preparation 1)—Crude ox liver condensing 
enzyme, obtained from the 40 to 50 per cent saturation ammonium sulfate 
fraction, was refractionated with ammonium sulfate; Fraction 3b or 3c 
(2) was employed. A solution containing 23,000 units (protein 3.30 gm., 
specific activity 7.0) was brought to 420 ml. with 83 ml. of 0.066 m MgSO, 
and water. To this were added 40 ml. each of a lyophilized muscle frac- 
tion in 1.2 per cent solution, a yeast fraction, diluted 20-fold, obtained after 
one ammonium sulfate treatment (3), 1.0 m tris(hydroxymethyl)amino- 
methane, pH 7.5, and 0.066 m MgSO,. Neutralized substrates in 0.1 M 
solution were added as follows: L-aspartate 40 ml., L-citrulline 60 ml., 
p-3-phosphoglycerate 100 ml., adenosinetriphosphate 20 ml. The mixture 
(800 ml.) was incubated at 38° for 1 hour, as indicated by a pilot run 
showing the disappearance of two-thirds of the citrulline. All subsequent 
manipulations were conducted at 0°. Protein was rapidly removed by 
precipitation with 50 ml. of 100 per cent trichloroacetic acid, followed by 
centrifugation at 2000 r.p.m. for 10 minutes. Four extractions, each with 
850 ml. of ether, were rapidly carried out in a separatory funnel, and the 
aqueous phase was immediately treated with 60 ml. of 1.0 m BaCl, and 
about 200 ml. of saturated Ba(OH). to adjust the pH to 9. After standing 
overnight at 0°, the precipitate was removed by suction filtration on a 
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Celite pad and washed with water. The filtrate, now 1600 ml., was re- 
duced to 800 ml. by lyophilization. 2.4 liters of 95 per cent ethyl alcohol 
were then added and the precipitate was collected by centrifugation after 
standing an hour. The precipitate was suspended in 300 ml. of 75 per cent 
ethyl alcohol and then centrifuged. The procedure was repeated, suc- 
cessively, with 95 and 100 per cent alcohol and ether. After removing 
residual ether with a stream of Ne and drying in vacuo over P2O; at 25°, a 
white powder was obtained in 75 per cent yield, calculated from the amount 
of aspartate taken. In order to remove water-insoluble salts, the entire 
yield of 2.5 gm. was extracted with 10 ml. of water and clarified by cen- 
trifugation. This was followed by four or five successive extractions of 
the residue, each with 5 ml. of water. The combined extracts were clari- 
fied again if cloudiness developed. 10 ml. of BaCl, solution were then 
added and the pH adjusted as before, followed if necessary by centrifuga- 
tion. The clear supernatant fluid was then diluted to 100 ml. with water, 
and the small precipitate obtained by adding alcohol to definite turbidity 
(0.25 to 0.5 volume) was discarded after analysis. The main fraction was 
brought down with 2 volumes of alcohol and dried as above. After repeat- 
ing the fractionation again, 1.25 gm. were obtained, 80 per cent pure. 

Barium Argininosuccinate (Preparation 2)—Splitting enzyme, prepared 
from acetone-dried pig kidney (4), was partially purified according to the 
procedure described for liver (5). The fumarase-free solution (specific 
activity 56) obtained after the heat step at pH 5 was adjusted with 0.3 
volume of 0.1 N potassium phosphate buffer, pH 7.5. To 420 ml., con- 
taining 79,200 enzyme units and 1.415 gm. of protein, were added 210 ml. 
each of 0.5 m potassium fumarate and arginine monohydrochloride, and 
the mixture was incubated for 3 hours at 38°. Protein and trichloroacetic 
acid were removed as before; 200 ml. each of the BaCl. and Ba(OH). 
solutions were added, and, after standing overnight, the precipitate was 
filtered and washed as before. To the filtrate, now 1340 ml., were added 
3 volumes of alcohol. The resulting precipitate was treated as described 
before, except that 1 liter each of alcohol and ether was employed for the 
drying steps. The product was dissolved in 500 ml. of water and the pre- 
cipitation was repeated without barium addition or pH adjustment. First, 
a relatively small precipitate (formed on the addition of 100 ml. of alcohol) 
was removed by centrifugation. The precipitate obtained by further addi- 
tion of 750 ml. of alcohol was collected and treated with alcohol and ether, 
as before. The dry salt finally obtained was 85 per cent pure and amounted 
to 22.7 gm., a yield of 71 per cent calculated from the concentration ex- 
pected if equilibrium had been reached. 

Argininosuccinic Acid (Preparation 3)—Barium was quantitatively re- 
moved from 2.53 gm. of Preparation 2, dissolved in 50 ml. of water, with 
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9.42 ml. of 1.0 n H.SO,, and the clear supernatant fluid subjected to 
lyophilization. 1.44 gm. of 95 per cent pure material were obtained. The 
compound is very hygroscopic and extraordinarily soluble in water. Pre- 
cautions against moisture are essential during quantitative manipulation. 
The preparation contained 4 per cent fumaric acid, detected on titration 
with NaOH, which magnifies the impurity owing to the small molecular 
weight per carboxyl group. The material was dissolved in water at 0° and 
fumaric acid was removed as the silver salt, as rapidly as possible, by treat- 
ment with 0.6 gm. of AgsCOs, leaving the amino acid in solution. Ag+ 
was removed with H,S in the usual manner, and, after removing most of 
the H.S from the filtrate with a stream of No, the solution was again 
lyophilized. This preparation was employed to obtain the data recorded 
in Table I and for the titration values shown in Fig. 2. 

Argininosuccinic Acid Anhydride—1.80 gm. of lyophilized argininosuc- 
cinic acid, dissolved in 12 ml. of water, were allowed to stand at 25° for 24 
hours; 11 ml. of ethyl alcohol were then added, and several days later, 
when crystallization had started, the alcohol concentration was slowly 
brought to 70 per cent. After standing 24 hours longer at 25° and then 
overnight at 0°, 1.20 gm. of small needles were obtained in 70 per cent 
yield, and twice recrystallized from aqueous alcohol. Less pure prepara- 
tions, or those subjected to heat, tend to precipitate as adhering crusts 
composed of roundish granules. 

[a}?? —10.0° (2.72 per cent in H.O); +8.9° (2.72 per cent in 0.5 n HCl); 
+5.2° (2.72 per cent in 0.5 n NaOH). 


CioH 160 5Na. Theory. C 44.1, H 5.92, N 20.6 
Found. ‘ 44.1, ‘‘ 6.01, ‘* 20.6 (Dumas), 20.5 (Kjeldahl) 
Ash, 0.08 


The compound forms a dihydrochloride which is hygroscopic and ex- 
tremely soluble in water and alcohol. It could not be obtained in crystal- 
line form. To demonstrate binding of HCl, 280 mg. of the anhydride in 
10 ml. of water were treated with a 50 per cent excess of HCl, brought to 
dryness in vacuo over KOH, and washed thoroughly with ether. The ratio 
of Cl to N was 0.58. 

Guanidinosuccinic Acid—13.1 gm. of L-aspartic acid in 50 ml. of 2 N 
NaOH were added to 13.9 gm. of S-methylthiourea sulfate (33) in 50 ml. 
of 2 n NaOH, and the mixture was allowed to stand at room temperature 
in a well ventilated hood for 8 to 10 days until the pH dropped to neu- 
trality. The compound crystallized rapidly in thick prisms after acidifi- 
cation with 25 ml. of 4 Nn HCl. The mixture was filtered after chilling for 
30 minutes to minimize aspartic acid contamination; 10.5 gm. were ob- 
tained in 75 per cent yield. 

The tendency to ring closure was not investigated, but to avoid this 





ex- 
tal- 
in 
; to 
itio 


ml. 
ure 
1eu- 
difi- 
for 
ob- 


this 








S. RATNER, B. PETRACK, AND 0. ROCHOVANSKY 109 


possibility the compound was only washed by twice suspending rapidly in 
40 ml. of hot water. It was then ninhydrin-negative and gave approxi- 
mately half the color intensity of an equimolar solution of arginine with 
the Sakaguchi reagents (25). The decomposition point was 270-271° (un- 
corrected), with darkening at 250°. Optical rotation could not be detected 
in acid or alkaline solution. The compound may possibly have an ex- 
tremely low rotation, or, what is more probable, the method of preparation 


(long standing in the presence of the strongly basic S-methylisothiourea) 
has led to racemization. 


C;HsO,N3. Theory. Cc 34.3, H 5.18, N 24.0 


Found. ‘ 34.2, ‘‘ 5.10, ‘‘ 23.7 (Dumas), 23.6 (Kjeldahl) 
Ash, 0.75 


Guanidinosuccinic Acid Anhydride—A rather poor yield of the hydro- 
chloride salt of this compound was obtained by boiling 4.4 gm. of guani- 
dinosuccinic acid in 50 ml. of 1 nN HCl for 3 hours and allowing the mixture 
to concentrate to about 10 ml. Excess HCl was removed in vacuo, and 
the crystalline mass which formed on cooling was broken up with a small 
quantity of cold water and washed similarly by filtration, yielding 2.0 
gm. (40 per cent). The melting point was 219-221° (uncorrected), with 
slow gas evolution and rapid decomposition at 265-268°; sintering began 
at 205°. No optical rotation was detected. 


C;H,O;N;-HCl. Theory. C 31.0, H 4.17, N 21.7, Cl 18.3 


Found. ‘30.9, “ 4.36, ‘21.1 (Dumas), 21.6 (Kjeldahl), Cl 18.0 
Ash, 0.15 


Guanidinosuccinic acid anhydride was prepared from the salt in 75 per 
cent yield by dissolving 4 mM in 10 ml. of water and adding 2 ml. of 2.0 N 
NaOH. The free anhydride began to crystallize almost immediately. 
After chilling for several hours, the material was filtered and washed with 
water. The decomposition point was 268-270°, with darkening at 260°. 


C;H,O;N;. Theory. C 38.2, H 4.49, N 26.8 


Found. ‘* 38.3, ‘‘ 4.52, ‘* 28.2 (Dumas), 26.7 (Kjeldahl) 
Ash, 0.38 


The conditions for estimating nitrogen by the Kjeldahl procedure, which 
gave reliable values for all the compounds described, were 5 to 6 hours 
digestion with selenized Hengar granules and CuSQO,-K.SO, mixture as 
catalyst. It may be seen from the data above that the Dumas values were 
erratic in one or two instances. 

Titration Procedure—Argininosuccinie acid and the anhydride were each 
titrated in 0.05 m solution with 1.0 Nn NaOH and 1.0 n HCl by use of the 
Scholander burette (34) and 10 ml. portions of the amino acids. The pH 
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was estimated with a shielded ‘alkaline’ glass electrode (research model, 
Cambridge Instrument Company), with an error of +0.02. The titrations 
were carried out rapidly and each branch was titrated back in all cases, to 
make sure that ring cleavage or closure had not occurred. 

The low solubility of guanidinosuccinic acid and the corresponding an- 
hydride offered considerable difficulty. After checking the alkaline end- 
points and solubilities, the procedure was finally adopted of bringing an 
aqueous suspension into solution with an exact equivalent of NaOH and 
adjusting the volume to give a 0.025 m solution; 10 ml. were then titrated 
with 1.0 n HCl. Titration constants for the anhydride coincided with 
those obtained by titrating the hydrochloride salt with NaOH. With this 
procedure, the solutions remained clear throughout titration, although they 
were presumably supersaturated toward the end. 

Activity measurements or corrections were not attempted. H+ and 
OH- concentrations were obtained by calculation (14) for each pH so that 
all the terms in the expressions a, = (A — H+)/C and a, = (B — OH-)/C 
would be uniformly expressed as concentrations. Theoretical values for a 
were calculated at each pH from the expression pG’ = pH — log a/(1 — a) 
for each dissociating group, and x was then calculated from the expression 
x= a +a,+ ...a, = La. pG’ values were obtained from observed 
data. The calculated values for x are represented by the curves in Figs. 
2 and 3, while experimentally observed values of x (acid or base bound at 
each pH) are represented by the points. 

Alkaline Cleavage of Argininosuccinic Acid—1400 uo of the barium salt 
(0.70 gm. of Preparation 2) were refluxed for 21 hours in 10 ml. of water 
containing 4.7 gm. of hydrated Ba(OH)2. NH; was trapped in borate by 
bubbling N. through the solution. After 2, 4, 9, 16, and 21 hours, NH; 
evolution was 438, 313, 408, 234, and 58 um, amounting to a total of 1451 
um. Considerable barium carbonate was formed. The mixture was di- 
luted with 50 ml. of water and barium was quantitatively removed with an 
equivalent of H.SO,. The material in 100 ml. of water, pH 5, was run 
through a 2.5 X 7.5 cm. column of the weak anionic resin IR-4B (in the 
basic form) to remove aspartic acid. After washing the column, aspartic 
acid was eluted with HCl. The amino acid content (ninhydrin estimation 
corrected by the appropriate factor (7)) after separation amounted to 1300 
uM in the ornithine fraction and 1200 uM in the aspartic acid fraction, with- 
out correction for losses. Chromatographic analysis on paper showed only 
these two amino acids to be present. The ornithine-containing fraction 
was benzoylated in the usual manner, yielding 330 mg. of crude dibenzoy!- 
pL-ornithine (83 per cent of separated fraction). After three recrystalliza- 
tions from alcohol, the melting point was 188° (uncorrected); the mixed 
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melting point with an authentic sample of the racemate was 188°, and with 
an authentic sample of dibenzoyl-L-ornithine, m.p. 186°, was 183-185°. 
N 8.24 per cent (theory); 8.10 (found, Kjeldahl). 

The aspartic acid fraction was concentrated to a small volume in vacuo 
and chloride was removed with Ag2CO; in the usual manner, followed by 
further concentration. 85 mg. of recrystallized aspartic acid were obtained. 
N 10.5 per cent (theory), 10.5 (found, Kjeldahl). Benzoylation (35) of all 
the combined mother liquors yielded 140 mg. of benzoyl-pL-aspartic acid 
containing 1 H,O per mole; the combined yield was 1185 um (85 per cent). 
The benzoyl derivative was recrystallized twice, and water of crystalliza- 
tion was removed by heating for 2 hours at 110° in vacuo. The melting 
point was 161—-162° (uncorrected); the mixed melting point with an au- 
thentic sample, m.p. 163-164°, was 162-164°. The equivalent weight was 
119 (theory); 122 (found, titration). N 5.91 per cent (theory), 6.06 
(found, Kjeldahl). No optical rotation was detected. 

Alkaline Cleavage of Argininosuccinic Acid Anhydride—2000 yuo of the 
anhydride (545 mg.) were refluxed with Ba(OH). as described above. 
After 2, 6, 23, and 24 hours, the evolution of NH; was 341, 549, 924, and 12 
uM, a total of 91 per cent of theory. Removal of Bat+ and separation 
with IR-4B were carried out as before. The ornithine fraction, estimated 
specifically (20), amounted to 85 per cent of theory (1693 um). The as- 
partic acid fraction, after elution, contained 60 per cent (1197 um). The 
corrected ninhydrin value was one-half of the CO. evolved with chlor- 
amine-T. Each fraction gave a single characteristic spot on paper chro- 
matograms. 

Treatment of Argininosuccinic Acid Anhydride with Strong Acid—681 mg. 
were refluxed in 6 N HCl for 96 hours and excess HCl was then removed 
in vacuo. A solution of the residue was passed through the weak cationic 
resin IRC-50 (in the H+ cycle) and then through IR-4B (in the free base 
form). The effluent contained 2390 um, based on corrected ninhydrin 
color, and a single paper chromatogram spot with an Rr of 0.49 was ob- 
tained. The crystalline material (508 mg.) recovered from the effluent 
gave a titration curve identical with the starting material. Elution of the 
first column with 1 Nn HCl gave 95 um of unidentified, basic, ninhydrin- 
reactive material which was not ornithine, arginine, or NH;. Elution of 
the second column gave 115 um of aspartic acid, identified as above. 

Creatinine and Glycocyamidine—An excellent commercial grade of cre- 
atinine was recrystallized from aqueous acetone. Glycocyamidine was pre- 
pared by treating commercial glycocyamine with concentrated H.SO, (36) 
and removing the latter with Ba(OH).s. The resulting glycocyamidine was 
treated with Norit and recrystallized twice from water. 
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SUMMARY 


Argininosuccinic acid, the immediate precursor of arginine, has been 
prepared biosynthetically by two different methods. The isolation of an 
amorphous barium salt, from which the free amino acid was obtained as an 
optically active, amorphous, acidic material about 95 per cent pure, is 
described. The methods of preparation, analytical data, titration curves, 
susceptibility to alkali, and other chemical and physical properties confirm 
the structure as being that of a disubstituted guanidine containing ornithine 
and aspartic acid residues. 

The compound undergoes spontaneous reversible conversion to the an- 
hydride by cyclization, forming a neutral amino acid which has been ob- 
tained in crystalline form. The latter is inactive as substrate for the en- 
zyme which splits the former to arginine and fumaric acid reversibly. 

Anhydride formation is accelerated by acid and the reverse process by 
alkaline conditions. It is suggested that pH-dependent equilibria are es- 
tablished analogous to the behavior of creatine and creatinine. 
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VI. ENZYMATIC CLEAVAGE OF ARGININOSUCCINIC ACID TO 
ARGININE AND FUMARIC ACID* 


By S. RATNER, W. PARKER ANSLOW, Jr.,f ann BARBARA PETRACK 


(From the Departments of Pharmacology and Physiology, New York University 
College of Medicine, New York, New York) 


(Received for publication, February 2, 1953) 


The isolation and properties of argininosuccinic acid, the immediate pre- 
cursor of arginine, have been described in Paper V (1). The enzymatic 
formation of this compound by condensation of citrulline with aspartic 
acid is followed by a cleavage, catalyzed by a separate enzyme, which 
liberates arginine and a C,-dicarboxylic acid. In earlier studies, with crude 
enzyme preparations, malic acid was identified as the dicarboxylic acid, 
and the nature of the splitting was therefore considered to be hydrolytic 
(2). The presence of fumarase in the crude enzyme led to a predominance 
of malic acid (3, 4). Fumarase and arginase have since been removed by 
fractionation. With the purified enzyme, it has been found that fumarate 
is formed rather than malate; the non-hydrolytic cleavage is freely rever- 
sible, as shown below. 


H NH COOH H NH COOH 


| ll | | ll 


N—C—N—CH <= N—C—NH: + CH 


jij 
(CH.); H CH, (CH); CH 


HC—NH, COOH HC—NH, COOH 
COOH COOH 
L-Argininosuccinic acid L-Arginine Fumaric acid 


Investigations of the nature of the reaction and the properties of the 
enzyme have been carried out with purified preparations. 


Methods 


Preparation and Estimation of Argininosuccinic Acid—The intermediate 
was prepared with condensing enzyme, as described in Paper V (1), to 
avoid the presence of fumarate as a contaminant. Preparations about 60 

* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. 

t Present address, Department of Physiology, Medical School, University of 
Virginia, Charlottesville, Virginia. 
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per cent pure were employed for enzyme assay during purification, and 
about 80 per cent pure for most of the other experiments. For routine use 
as substrate, a solution containing 65 to 90 mg. of the barium salt in 9 ml. 
of water was freed of barium by the addition of 1.5 ml. of 0.5 m potassium 
sulfate; the concentration was determined in the clarified solution as de- 
scribed below. Such solutions retain full activity as substrate for several 
weeks when stored at —20°. Storage at 0° results in a slow decrease in 
activity. 

The method of estimation, which is highly specific, is based on the ob- 
servation that cleavage proceeds to completion in the presence of excess 
splitting enzyme and arginase. 1 to 4 wm of intermediate, 100 um of 
potassium phosphate or TAM (tris(hydroxymethyl)aminomethane) buffer, 
pH 7.5, 100 units of splitting enzyme, and 13 units of arginase in a final 
volume of 2.0 ml. were incubated in small test-tubes for 60 minutes at 38°, 
After the addition of 0.5 ml. of 25 per cent trichloroacetic acid, urea was 
estimated in 0.5 ml. aliquots of the filtrate by the colorimetric method of 
Archibald (5). Partially purified arginase was prepared and assayed as 
described previously (2). Arginase from the 40 to 60 per cent acetone 
fraction was precipitated with a large excess of acetone and stored as a 
dry powder at 0°. 120 mg. were extracted at room temperature with 0.1 
M potassium phosphate, pH 7.4, for 15 minutes and then heated for 20 
minutes at 60°. 

Estimation of Arginine—Argininosuccinic acid fails to give color with the 
Sakaguchi method for estimating arginine. The latter can therefore be 
estimated directly in carefully neutralized aliquots of the trichloroacetic 
acid filtrates by Dubnoff’s modification (6). It is necessary to employ 
phosphate buffer in the incubation medium since TAM seriously interferes 
with the estimation. This method was employed for velocity and K, 
measurements. When the incubation time was prolonged beyond 30 min- 
utes, as in the equilibrium studies, arginine values thus obtained proved to 
be erroneously low. Arginine was then estimated as urea by heating the 
initial incubation mixture for 4 minutes at 100°, and then incubating a 
suitable aliquot for a second period of 60 minutes at 38° in the presence of 
13 units of arginase. The latter method was also employed for obtaining 
the pH-dependence data, since TAM was present, and in estimating the 
K,, of arginine, since it proved to be more reliable with very high concen- 
trations of arginine. 

Simultaneous Estimation of Argininosuccinic Acid and Arginine—For the 
equilibrium studies, in which long incubations were necessary, it was found 
that under the conditions of incubation, pH 7.4, the intermediate retained 
full activity as substrate after 3 hours at 38°, while 2 minutes at 100° 
caused a 2.5 per cent loss. For each equilibrium measurement, two dupli- 
cate incubation mixtures, Tubes A and B, were set up. Enzyme activity 
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was stopped by heating Tube A for 2 minutes and Tube B for 4 minutes at 
100°. Aliquots of Tubes A and B were then reincubated with buffer for 
60 minutes at 38°, after the addition of excess splitting enzyme and arginase 
to Tube A and arginase alone to Tube B. Urea, estimated at the end, gave 
the sum of the arginine and intermediate present in Tube A, and arginine 
alone in Tube B, whereas the difference between Tubes A and B represented 
the amount of intermediate. The initial concentrations of arginine and 
intermediate were similarly estimated in each experiment and the sum of 
the two always agreed (within 2 or 3 per cent) with the sum found after 
equilibrium incubation. 

Estimation of Fumaric Actd—Fumarate was estimated by titration of the 
trichloroacetic acid filtrate with KMnO, according to the micromethod of 
Straub (7). For unknown reasons, incubations longer than 30 minutes led 
to low values by this method as well as by the method in which malate- 
adapted Lactobacillus arabinosus (8, 9) was employed in the presence of 
added fumarase. The loss was apparently not caused by low solubility in 
acid. In the equilibrium studies, in which incubation was prolonged, the 
final fumaric acid concentrations were not estimated as such, but were 
arrived at indirectly from the disappearance or formation of arginine or 
intermediate. 

Enzyme Assay and Unit of Activity—For assay purposes, activity was 
followed by the rate of arginine formation with the intermediate as sub- 
strate. Arginine was estimated as urea in the presence of added arginase. 
To conserve substrate, incubations were carried out in a volume of 1.0 ml. 
The mixture contained 5 um of intermediate, 50 um of potassium phosphate 
or TAM buffer, pH 7.4, 6 units of arginase, and 1 to 6 units of splitting 
enzyme. The reaction was stopped with 2.0 ml. of 7.5 per cent trichloro- 
acetic acid after 20 minutes incubation at 38°. Urea was estimated in 1.0 
ml. of the filtrate. Activity was found to be proportional to enzyme con- 
centration, provided no more than 40 per cent of the substrate had been 
utilized. 1 unit represents the formation of 1 um of arginine per hour. 
Protein was estimated colorimetrically (10). 


Purification of Splitting Enzyme from Ox Liver 


The enzyme was found to be reasonably stable throughout purification. 
Exposure to pH 5.0 for an hour at 0° causes practically no loss in activity. 
Concentrated preparations, containing ammonium sulfate, retain almost 
full activity for many months when stored at —20°. Dilutions with 0.02 
m buffer were made immediately before assay. Enzyme purification may 
be interrupted after each ammonium sulfate fractionation, but all the sub- 
sequent steps should be completed in a single day. With the exceptions 
noted, all manipulations were carried out at 0° and potassium phosphate 
solution, pH 7.4, was employed as buffer throughout. 





eee 


ee mea 
ae A 


eae 


sae ma ae E 
kin er 


-_ 
a) Ap tw 


fy es 


cs pero enon 


SAE saan MO Ee 


Tae TB era 


eraser oe 
Rinne EONS re! ts 








118 BIOSYNTHESIS OF UREA. VI 


Extraction and First Ammonium Sulfate Fractionation—200 gm. of freshly 
prepared acetone-dried liver were extracted and ammonium sulfate was 
added to 30 per cent saturation, as previously described (3). The pre- 
cipitate, dissolved in 140 ml. of 0.05 m buffer, yielded a solution containing 
9080 mg. of protein in 190 ml. 

Second Ammonium Sulfate Fractionation—The solution obtained above 
was diluted with 475 ml. of 0.02 m buffer and brought to 20 per cent satura- 
tion with 93.9 gm. of salt over a 30 minute period with mechanical stirring. 
After 2 hours, the mixture was centrifuged at 13,000 r.p.m. in the Servall 
centrifuge for 10 minutes. The supernatant fluid was brought to 30 per 
cent saturation in a similar manner with 46.9 gm. of salt. The precipitate 
obtained on centrifugation was dissolved in 32 ml. of 0.02 m buffer, giving 
3500 mg. of protein in 43 ml. 

Removal of Inactive Protein by Isoelectric Precipitation and Heat—The 20 
to 30 per cent saturation fraction was diluted with 294 ml. of 0.04 m sodium 
acetate buffer, pF 5.0, at room temperature and heated for 4 minutes, with 
swirling, in a large bath kept at 60°. In this time the inside temperature 
had reached 53.5° and the outside bath had dropped to 59°. The mixture 
was then rapidly chilled in a —5° cooling bath and centrifuged at 2000 
r.p.m. in the International centrifuge for 30 minutes. The supernatant 
fluid (290 ml.) contained 3.2 mg. of protein per ml. This step usually 
results in approximately a 3-fold purification, with the removal of 65 to 75 
per cent of the protein and a loss of 15 to 25 per cent of the total activity. 

Treatment with Calcium Phosphate Gel—It is desirable that the super- 
natant fluid, after heat treatment, contain close to 3.0 mg. of protein per 
ml. 0.1 volume (29 ml.) of aged calcium phosphate gel (11) containing 
24.4 mg. per ml., dry weight, was immediately added to the supernatant 
fluid and the mixture stirred intermittently for 20 minutes. The residue 
was discarded after centrifugation at 2000 r.p.m. for 15 minutes. This step 
usually removes from 40 to 50 per cent of the protein and 5 to 10 per cent 
or less of the activity. 

The supernatant fluid (310 ml.) was again treated with 156 ml. of gel as 
above, and the solution obtained after centrifugation was discarded. It 
contained 167 mg. of protein and 4 per cent of the activity present prior to 
the second addition of gel. This positive adsorption step varies in remov- 
ing from 65 to 80 per cent of the protein and 95 per cent or more of the 
activity. 

The residue was washed with 85 ml. of 0.01 m buffer and the washing was 
discarded. Four successive elutions were carried out, each with 75 ml. of 
0.02 m buffer, with intermittent stirring at 5-10°, followed by centrifuga- 
tion at 2000 r.p.m. for 15 minutes. The combined eluates (300 ml.) were 
brought to 50 per cent saturation by the addition of 105.9 gm. of ammonium 
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sulfate; the mixture was centrifuged at 13,000 r.p.m. for 15 minutes, and 
the residue taken up in 5.0 ml. of 0.02 m buffer. This fraction contained 
105 mg. of protein in 6.8 ml., with a specific activity of 193. The fractional 
elution varies in removing from 50 to 80 per cent of the activity and 40 to 60 
per cent of the protein present on the gel. The combined fractional ad- 
sorptions and elutions usually accomplish about a 3-fold purification. The 
final salt addition precipitates: practically all the protein, with a negligible 
change in activity. 

The fractionations described above, and summarized in Table I, result in 
more than 100-fold purification over the activity of the initial extract. 


TaBLeE [ 
Purification of Splitting Enzyme from Liver 
For details of the fractionation procedure and assay see the text and ‘“‘Methods.’’ 





Fractionation step Volume Total | Specific Total 





protein | activity* units Yield 
ml. mg. | per cent 
Acetone powder extract | 1800 | 52,800 | 1.5 79,200 | 
Ist (NH,).SO, precipitation, 0-30% | 190 | 9,080) 8.8 | 79,900) 101 
fraction | | | | 
2nd (NH,).S8O, precipitation, 20-30% | 43 | 3,500) 14.8 | 51,800 65 
fraction | | | 
Heat treatment at pH 5.1 | 200 | 931] 47 | 43,700; 55 
Ca3(PO,)e gel, supernatant | 310 | 474} 91 _ 43,200 54 
Fractional elution from Ca3(PO,)s gel 6 


| 8, 105 | 193 20,300 25 
followed by (NH,)2SOx, precipitation | | | 





* Specific activity is expressed as micromoles of arginine formed per hour per mg. 
of protein. 


Two ammonium sulfate steps effect a 10-fold increase in specific activity. 
The subsequent heat treatment, followed by fractional adsorption and 
elution from calcium phosphate gel, brings about a further 10- to 13-fold 
purification, with an over-all yield of 25 per cent. No attempt has yet 
been made to carry purification further. The turnover number of 333 
moles per minute per 100,000 gm. of protein, which corresponds to a specific 
activity of 200, may represent only 10 or 20 per cent of the actual value. 
Removal of Arginase and Fumarase—A large proportion of the arginase 
present in the original extract is removed during the first ammonium sul- 
fate fractionation. The traces remaining after the second salt fractionation 
are removed during the treatment with calcium phosphate gel. The en- 
zyme assay is thus dependent, practically from the start of purification, 
upon arginase supplementation. Agreement between arginine determined 
directly and as urea served as the basis for judging arginase contamination. 
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The presence of fumarase was investigated by means of the highly sensi- 
tive spectrophotometric assay of Racker (12). Interfering amounts, still 
present after the second step, are completely removed during the heat step 
at pH 5.1. Once fumarase has been removed, the appearance of fumaric 
acid can be detected by an increase in optical density at 240 muy, as in the 
Racker procedure. This method has in fact been employed with the split- 
ting enzyme from kidney to demonstrate fumaric acid formation (4), and 
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Fig. 1, A. Dependence of splitting activity upon pH. @, potassium phosphate 
buffer; O, TAM buffer. Each incubation tube contained 10 um of intermediate, 125 
uo of buffer, and 0.094 mg. of splitting enzyme (13.2 units, specific activity 142) in a 
final volume of 2.0 ml. The pH was measured electrometrically after incubation 
at 38°. 

Fig. 1, B. Rate of arginine formation from argininosuccinic acid in the absence 
and presence of arginase. @, arginase absent; @, arginase present; O, theoretical 
values, discussed in the text. Incubation mixtures as in Fig. 1, A with phosphate 
buffer, pH 7.5, and, when present, 13 units of arginase. 


might be readily adapted to assay purposes. All the experiments described 
below were carried out with preparations subjected to the entire purifica- 
tion procedure. 


Enzyme Properties 


Influence of pH—The effect of pH on splitting activity in the forward 
direction is shown in Fig. 1, A. Activity is optimum at pH 7.5 and drops 
off rapidly in more acid and alkaline regions. A similar study of the re- 
verse reaction has not been made, but the region of optimal pH has been 
roughly observed to be the same. 

Reaction Velocity—The rate of splitting of argininosuccinic acid has been 
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followed in the presence and absence of arginase. It may be seen from 
Fig. 1, B that the rate is linear for at least 20 minutes in the presence of 
arginase, but falls off rather rapidly when arginase is absent. 

Velocity constants were calculated from the general expression k’et = 
2.3K m log (ao/a) + (ao — a) formulated by Elkins-Kaufman and Neurath 
(13), where ao represents the initial concentration of intermediate, a the 
concentration at time t, and k’ the rate of enzyme-substrate breakdown with 
an amount of enzyme e. The values obtained, calculated in terms of an 
apparent K = k’e, were 0.134, 0.123, and 0.108 X 10-* (min.—') for ¢ values 
of 15, 20, and 25 minutes, respectively. A value of 0.136 X 10-* was 
obtained at 5 minutes for (a9 — a) read off the curve. By employing the 
last estimate of K, theoretical values for (aj — a) were calculated from the 
above equation and are plotted in Fig. 1, B. Comparison of the observed 
and calculated values indicates that the rate in the presence of argin- 
ase, the conditions chosen for enzyme assay, represents the initial veloc- 
ity. The departure from theory in the absence of arginase appears to be 
due to reversal of the reaction, even though the K,, values for arginine 
and fumarate are quite high. With 5 um of intermediate per ml., 2.5 and 
5.0 uM of arginine decreased arginine formation 20 and 30 per cent, while 5 
and 10 uo of fumarate produced a 30 and 50 per cent decrease. No change 
was observed with 5 um of malate or succinate. 

Enzyme-Substrate A ffinity—The dependence of splitting activity upon 
the concentration of argininosuccinic acid is shown in Fig. 2, A in the 
presence and absence of arginase. The K,, value, taken from the curve, 
is 1.5 X 10-* M, and was found to be the same for both sets of observations, 
since arginase is not limiting. 

Substrate dependence in the back-reaction was investigated for arginine 
at a constant fumarate concentration of 125 um per ml. The rate was 
followed by measuring arginine disappearance. When fumarate was var- 
ied, arginine was kept constant at 125 um per ml., and the rate was deter- 
mined by fumarate disappearance. The two curves shown in Fig. 2, B 
are almost identical. and give a value of 15 X 10-* m as the K,,, for both 
arginine and fumaric acid. The enzyme displays a much greater affinity 
for argininosuccinic acid. Since the values for arginine and fumarate may 
be taken only as first approximations, it cannot be stated with certainty 
that the two are identical. Were this the case, it might indicate that 
interaction of the substrates occurs in the back-reaction prior to enzyme 
attachment. 

Although detailed kinetic studies of the back-reaction have not been 
carried out, it is possible to calculate the relative rates from available data. 
The value for Vax, in the back-reaction is 25 wm per ml. in 20 minutes 
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(Fig. 2, B). To obtain this value, 6.8 times as much enzyme was employed 
as for the data shown in Fig. 2, A. When recalculated for the smaller 
amount of enzyme, a Vinax. of 3.7 um per ml. is obtained. The Vmax. 
observed for the forward reaction (Fig. 2, A, arginase absent) was found to 
be 2.7 for the same 20 minute incubation period. It thus appears that the 
rate is 1.4 times faster for the back-reaction when the two are compared at 
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Fic. 2, A. Dependence of splitting activity upon concentration of argininosuc- 
cinic acid. @, arginase absent; ®@, arginase present. Incubation mixture as in 
Fig. 1, A, except that substrate was varied; 16 units of splitting enzyme (specific 
activity 140) and 13 units of arginase when present. 

Fic. 2, B. Rate of back-reaction as a function of the concentration of arginine 
and fumaric acid. O, arginine varied; @, fumarate varied. Each tube contained 
100 um of phosphate buffer, pH 7.5, 250 um of one substrate, the indicated quantities 
of the second substrate, and 0.78 mg. of splitting enzyme (109 units, specific activity 
140) in a final volume of 2.0 ml.; 38°. 


enzyme-substrate saturation. At low substrate concentrations, the rate is, 
of course, very much higher in the forward direction. 

Equilibrium Constant—Equilibrium was established at 38° by incubating 
for 2 or 3 hours with 115 enzyme units per ml. The concentrations of 
fumarate, arginine, and intermediate were estimated before incubation (as 
described under ‘“‘Methods’’) and only the latter two after incubation. 
Fumarate and arginine formation were always in agreement in 20 minute 
experiments. . 

The equilibrium constant, calculated from the expression 

(arginine) (fumaric acid) 
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was found to have an average value of 11.4 X 10-* (mole per liter) at 38° 
and pH 7.5, as shown in Table II. The change in free energy, AF°, cal- 
culated from this value, is +2778 calories, in accord with the ready re- 
versibility observed experimentally. It is of interest to mention that the 
equilibrium expression describes a special case of first order decomposition, 
where A = B+ C. Any change in the value of the denominator will 
become squared in the numerator. For this reason, argininosuccinic acid 
will predominate at equilibrium in concentrated solutions, whereas arginine 


Taste II 
Equilibrium Constant of Splitting Reaction 
Each incubation mixture contained the following per ml.: 0.75 mg. of splitting 
enzyme, specific activity 153, 115 units, 0.05 ml. of 1.0 Mm potassium phosphate buffer, 
pH 7.5, and substrates as indicated. Incubation, 3 hours at 38°. Initial and final 


estimations of substrates were carried out as described under ‘‘Methods.” All con- 
centrations are expressed as micromoles per ml. 

















Initial concentration Final concentration | 
43 pel | eee Zxih | Keg, 2X 108 
eae ane Arginine | Fumarate a Arginine Fumarate 
-| Soe, ee ee Ri sinees 
2.5 4.8 | 4.9 2.5 4.8 | 4.9 9.4 
5.0 | 4.8 | 9.7 4.5 me |) Oey 11.7 
$e) SA > wes as | 100 | 62 11.8 
0.0 9.9 9.7 3.2 6.6 | 6.4 13.2 
0.0 9.9 4.9 1.9 7.9 2.9 121 
2.2 0.0 0.0 0.3 1.9 1.9 12.0 
8.6 0.0 0.0 2.9 | 5.7 5.7 11.2 
0.0 125.0 125.0 92.2 29.9 29.9 9.7 
AVOPARO ie 4.655 cling oes haeero ered ee a ae 11.4 








and fumarate will predominate in very dilute solutions. These effects may 
be seen from the data in Table II, where the concentrations vary widely. 

The nature of the equilibrium permits the preparation of large quanti- 
ties of the intermediate from arginine and fumaric acid (1). Splitting en- 
zyme obtained from kidney, which has been carried through the heat step 
to remove fumarase, is suitable for this purpose, since it has the advantage 
of being free of arginase. The enzyme in pea seeds (14) and Chlorella (15) 
which catalyzes the formation of argininosuccinic acid from arginine and 
fumarate thus appears to be identical with the splitting enzyme. 

Effects of Heavy Metals—A cofactor requirement for heavy metal, like 
that of arginase, has thus far not been detected. The loss in units which 
accompanies purification can largely be accounted for in side fractions. 
The purified enzyme retains full activity upon dialysis overnight, at 5°, 
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against 0.02 m potassium or sodium phosphate buffer, pH 7.5. It.is con- 
siderably less stable in TAM buffer, and dialysis, under conditions other- 
wise the same, leads to 50 per cent loss of activity. Phosphate and 
magnesium ions then produce a 5 to 10 per cent stimulation of the par- 
tially inactivated enzyme. The effect is ascribed to enzyme protection 
during incubation, since the stimulation does not appear after dialysis 
against phosphate buffer. Cysteine was without effect during dialysis or 
incubation. 

A 50 per cent inhibition was found with Fe+* at 0.005 m concentration, 
while Zn+*, Cot++, Fet+**, Ni**, Ca**, and Ba** caused inhibitions of 44, 37, 
23, 25, 14, and 0 per cent, respectively, in 0.01 m solution. Significantly 
large inhibitions were produced by Cu*+ and Mnt** in 0.01 solution, after 
allowance is made for the respective effects of these metals on arginine 
and urea color development. The activity of enzyme preparations, previ- 
ously reduced by dialysis against TAM buffer and subsequent aging at 
—20°, was also inhibited by Mn++, Cot+, and Znt+. 

Enzyme Specificity—Aspartase and the splitting enzyme both catalyze 
the reversible splitting of a C—N bond by a non-hydrolytic, non-oxidative 
type of cleavage, with the liberation of a nitrogenous base and fumaric acid. 
It was of interest, therefore, to see whether the purified enzyme could form 
fumarate from aspartic acid. Fumarate formation was followed by the 
increase in optical density at 240 mu. None was detected with 100 times 
as much enzyme as was ordinarily necessary. Glutamic acid, which might 
give rise to the formation of an unsaturated glutaric acid, was also inactive 
as substrate. ; 

Guanidinosuccinic acid, described in Paper V, which might split to form 
guanidine and fumaric acid, was found to have no activity. None of these 
compounds inhibited the rate of fumarate formation from argininosuccinic 
acid at 3 to 5 times the concentration of the latter. The rate of arginine 
formation was not significantly inhibited by similar concentrations of citrul- 
line, creatine, creatinine, glycocyamine, or guanidine. 


DISCUSSION 


Although the present report describes the splitting enzyme obtained from 
ox liver, the enzyme is widely distributed in nature. It is present also in 
mammalian kidney (4), heart (14), yeast (4), and, as mentioned previously, 
in pea seeds (14) and Chlorella (15). In liver, kidney, and yeast, where the 
mechanism of arginine synthesis has been studied, a major function of the 
splitting enzyme is concerned with the formation of arginine. It appears 
from the wide distribution of this enzyme that this metabolic pattern is a 
general one. 

Of the five or six individually catalyzed steps in the conversion of or- 
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nithine to arginine, in the presence or absence of a urea cycle, the cleavage 
of argininosuccinic acid is, thus far, the only step which has been found to 
be reversible. In mammalian species, at least, there is no evidence at 
present of over-all reversibility. In view of the possibility that argininosuc- 
cinic acid may participate in other metabolic pathways, it is of interest to 
consider whether the reversible step assumes a réle in providing additional 
supplies of intermediate from arginine and fumarate or malate stored within 
the cell. Certain plant species are known to accumulate appreciable quan- 
tities of these materials. 


SUMMARY 


1. A widely distributed enzyme which participates in the biosynthesis of 
arginine by splitting argininosuccinic acid to arginine and fumaric acid has 
been shown to catalyze the reaction in a reversible manner. 

2. A fractionation procedure is described for obtaining a fumarase- and 
arginase-free preparation of the splitting enzyme from ox liver with a puri- 
fication more than 100-fold over the initial extract. 

3. The K,, value is 1.5 X 10-* m for argininosuccinic acid and 15 X 107% 
m for arginine and fumaric acid. 

4. The equilibrium constant is 11.4 X 10-* (mole per liter). The in- 
fluence of substrate concentration on the composition of the equilibrium 
mixture is discussed. 
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The enzymatic acetylation of aromatic amines (1, 2), choline (3), glu- 
cosamine (4), and histamine (5) has been shown to require coenzyme A 
(CoA); recent studies (6) have demonstrated that the thio ester, acetyl 
CoA, can serve as the acetyl donor in the acetylation reaction. However, 
more detailed studies on the properties of the acetylating enzyme were 
made difficult by the absence of a suitable method for following the acety- 
lation reaction continuously. In the work reported here, a convenient, 
direct spectrophotometric method was used for following the acetylating 
reaction, which depended on the marked difference between the absorp- 
tion spectra of free and acylated aromatic amines previously used in the 
study of the hydrolysis of formylkynurenine (7). Most of the studies were 
carried out with p-nitroaniline, as the changes in absorption produced by 
acetylation could be measured above 400 my; this wave-length is suffi- 
ciently high so that interference from the extraneous absorption commonly 
found in tissue extracts is largely avoided. With purified enzyme prepara- 
tions the spectrophotometric method can also be used with a variety of 
other compounds. Using the spectrophotometric method, we have studied 
acetylation of amines by acetyl CoA, the sulfhydryl nature of the acetyla- 
ting enzyme, and inhibition of the acetylation reaction by free CoA. 


Methods and Materials 


CoA, containing approximately 1 um per mg. (approximately 320 units 
per mg. (8)), was obtained from the Pabst Brewing Company. Acetyl 
CoA was prepared by treating reduced CoA with thioacetic acid (9); the 
reaction product was purified by paper chromatography (10). Butyryl 
CoA was similarly prepared with thiobutyric acid. We are indebted to 
Dr. A. Kornberg for a sample of palmityl CoA, to Dr. H. Bauer for acetyl- 
p-aminobenzoie acid, to Dr. W. Kielley for p-chloromercuribenzoate, and 
to Dr. O. Hayaishi for kynurenine. Acetylhistamine (11), acetyl phos- 
phate (12), and transacetylase (13) were prepared as previously described. 
Samples of disodium ethylenediaminetetraacetate (analytical grade) 
(EDTA), the various amines, and diphosphopyridine nucleotide (DPN) 
were obtained commercially. p-Nitroaniline, p-nitroacetanilide, and m-ni- 
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troaniline were recrystallized prior to use. Crystalline condensing en- 
zyme (14) was prepared by Dr. J. Stern. Malic dehydrogenase was 
purified approximately 45-fold from Pseudomonas fluorescens extracts by 
ammonium sulfate and alumina Cy fractionations. 

All spectrophotometric measurements were carried out in a Beckman DU 
spectrophotometer in cuvettes with a 1 cm. light path at 25°. The curves 
representing direct experiments have been corrected for the changes in 
optical density caused by dilution upon the addition of various reagents. 
Protein concentrations were usually measured spectrophotometrically at 
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Fig. 1. Absorption spectra of p-nitroaniline, p-nitroacetanilide, p-aminobenzoic 
acid, and acetyl-p-aminobenzoic acid. A, p-nitroaniline (@) and p-nitroacetanilide 
(O); B, p-aminobenzoic acid (O) and acetyl-p-aminobenzoic acid (@). (The optical 
densities were measured at a concentration of 8 X 10-5 m in 0.04 m potassium phos- 
phate buffer, pH 6.8.) 


280 my; the optical density at 260 my was used to correct for nucleic acid 
(15). Ninhydrin determinations were carried out by the reduced nin- 
hydrin method of Moore and Stein (16). 


EXPERIMENTAL 


The absorption spectra of p-aminobenzoic acid (PABA) and p-nitro- 
aniline (PNA) are shown in Fig. 1, together with the spectra of 
the N-acetyl derivatives. When PABA was used, the acetylation re- 
action was followed at 300 my, which was the lowest wave-length at which 
absorption of the enzymes did not interfere excessively. With PNA, it 
was usually found convenient to measure the changes in absorption at 420 
muy, in order to permit substrate concentrations of 10-4 mM to be used with 
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initial density readings of 0.6, although larger differences in absorption 
can be obtained at other wave-lengths. 

Assay of Acetylating Enzyme—The enzyme was assayed in a volume of 
1 ml. at pH 6.8 and an initial concentration of 10“ m PNA. A unit of 
enzyme is defined as the amount of enzyme causing a decrease of 0.001 
unit of optical density per minute at 420 my. The proportionality of the 
rate of change in optical density to enzyme concentration is shown in 
Fig. 2. Specific activity is defined as units per mg. of protein. The 
effects of varying the concentration of CoA and PNA are shown in Fig. 3. 





DECREASE IN OPTICAL DENSITY 














MINUTES 


Fig. 2. Acetylation of p-nitroaniline with varying amounts of crude pigeon liver 
extracts. Incubation mixture contained 40 um of potassium phosphate buffer (pH 
6.8), 5 wm of sodium thioglycolate, 12 um of dilithium acetyl] phosphate, 4 units of 
transacetylase, 0.12 um of CoA, 0.1 um of p-nitroaniline, crude pigeon liver extract, 
and water to a total volume of 1.05 ml. The numbers on the curves represent ml. 
of enzyme used. The optical density of 0.1 um of p-nitroaniline in 1.05 ml. is 0.571. 


Since less than saturating concentrations of PNA were used routinely, 
only initial rates were used in enzyme assays, and levels of enzyme were 
selected to allow rates to be determined before the substrate concentra- 
tion changed by more than 10 per cent. 

Purification of Acetylating Enzyme—An acetone powder of pigeon liver 
was prepared by blending freshly removed liver twice with 10 volumes of 
cold (—10°) acetone each time, filtering with suction, and air drying at 
room temperature. The powders were stored in the refrigerator. 

12 gm. of the liver powder were extracted with 120 ml. of distilled water 
at room temperature by grinding in a mortar for 10 to 15 minutes. After 
centrifugation at 22,000 X g for 10 minutes, the supernatant fluid was 
cooled to 0°. This extract was immediately fractionated with acetone 
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and alumina Cy (17). Acetone had previously been used in the fractiona- 
tion of this enzyme (18). 

To 96 ml. of extract (39,000 units; specific activity 10.6), 76 ml. of cold 
acetone were added (0°). After centrifugation, the precipitate was dis- 
carded and 193 ml. of acetone were added to the supernatant fluid. The 
precipitate was collected by centrifugation and dissolved in 15 ml. of cold 
water (26,000 units). The enzyme was then adsorbed on 90 ml. of alu- 
mina gel Cy (11 mg. of solids per ml.), which was centrifuged and washed 
with 100 ml. of water. The enzyme was eluted with 100 ml. of 0.01 u 
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Fig. 3. Affinity of the acetylating enzyme for CoA and p-nitroaniline. The incu- 
bation mixtures contained 40 um of potassium phosphate (pH 6.8), 5 wm of sodium 
thioglycolate, 13 um of dilithium acetyl phosphate, and 4 units of transacetylase. 
With varying concentrations of CoA (Fig. 3, A) 0.1 um of PNA and 10.3 units of 
acetylating enzyme were included. In the case of varying PNA concentration 
(Fig. 3, B), 5 um of EDTA, 0.06 um of CoA, and 28 units of acetylating enzyme were 
added. The final volume was 1.0 ml. Initial rates were determined at 405, 420, or 
430 my, and are expressed in micromoles per minute. 


potassium phosphate buffer (pH 7.8) in three portions (15,000 units; 
specific activity 275). Additional activity was obtained by further elu- 
tion with 50 ml. of the buffer (3500 units; specific activity 184). 

Enzyme solutions at this stage of purification were used in all experi- 
ments, unless otherwise indicated. The activity of the frozen enzyme 
solutions was essentially unchanged at —15° for at least 3 months. More 
concentrated enzyme solutions could be obtained by lyophilization after 
the addition of 100 um of EDTA per 100 ml. 

Acetyl CoA—When excess acetyl phosphate was used as acetyl donor, 
the reaction proceeded until no free amine was detected, and the spectrum 
of the corresponding p-nitroacetanilide was obtained. In Fig. 4 it is 
shown that the reaction also goes to completion with respect to acetyl 
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CoA, when the amine is present in higher concentration. In the presence 
of cysteine or thioglycolate in slightly alkaline solution (pH 8), however, 
the reaction ceases before the theoretical value has been attained. This 
can be explained by the loss of acetyl CoA by the non-enzymatic acetyla- 
tion of sulfhydryl compounds previously described (19). 

A confirmation of the nature of the reaction was obtained by measuring 
the disappearance of acetyl CoA during the acetylation reaction. This 
was done by determining the acetyl CoA at various times with the citrate- 
condensing enzyme which forms citrate from oxalacetate and acetyl CoA 
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Fia. 4. Stoichiometric reaction between added acetyl CoA and p-nitroaniline. 
Incubation mixture contained 100 um of potassium phosphate (pH 6.8), 5 um of sodium 
thioglycollate, 0.1 um of p-nitroaniline, 0.0445 um of acetyl CoA, and 25 units of acet- 
ylating enzyme in a total volume of 1.0 ml. At the arrow, an additional 0.022 um 
of acetyl CoA (0.05 ml.) was added to the incubation mixture. The dotted lines 
represent the theoretical decrease in optical density for each acetyl CoA addition. 











(13). Stern et al. (20) have reported studies on the coupling of the malic 
dehydrogenase and citrate condensation systems. In the combined sys- 
tem, malate is oxidized by DPN to form oxalacetate and DPNH. The 
oxalacetate is then used to form citrate with acetyl CoA. The reduction 
of DPN in this system does not proceed to a measurable extent unless the 
oxalacetate is removed. From the equilibrium constants calculated by 
Stern et al., one can calculate that the formation of citrate from acetyl 
CoA in the presence of excess malate and DPN should proceed essentially 
to completion. Therefore, DPN reduction should be a measure of acetyl 
CoA added. This was found to be the case; DPN reduction in the com- 
bined system, measured by the increase in density at 340 my (21), agreed 
with the acetyl CoA added, as determined by the arsenolysis reaction with 
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phosphotransacetylase (22). The validity of this method for following 
acetylations was shown in an experiment with PABA. 0.185 um of acety] 
CoA was incubated with acetylating enzyme, substrate, and buffer until 
0.077 um of PABA had been acetylated, as measured by the change in 
optical density at 300 my. An aliquot of this mixture was added to a 
vessel containing 8 uM of dl-malic acid, 0.2 um of DPN, 6000 units of malic 
dehydrogenase, and 20 um of phosphate buffer, pH 6.8, in a total volume 
of 2.9 ml. The amount of acetyl CoA present was measured by the re- 
duction of DPN after the addition of 0.1 ml. of condensing enzyme. The 
results indicated that 0.087 um of acetyl CoA had disappeared during the 
prior reaction with PNA. 

When butyryl CoA was substituted for acetyl CoA in an incubation 
mixture similar to that used in Fig. 4, the rate of acylation was only 4 per 
cent of that observed with acetyl CoA. When palmityl CoA was added 
as the sole acylating agent, no acylation was observed. Furthermore, 
addition of 0.1 um of palmityl CoA to an incubation mixture containing 
0.2 um of acetyl CoA resulted in complete inhibition of the acetylating 
reaction; 0.01 um of palmityl CoA produced approximately 50 per cent 
inhibition. 

As shown in Fig. 5, the presence of free CoA inhibits the acetylation 
reaction with acetyl CoA. These results were obtained with the com- 
mercial preparation. Essentially similar findings were found with an- 
other CoA preparation which had been prepared by a different procedure 
involving ion exchange chromatography on Dowex 1 and 50 (10). 

pH Dependence—From pH values below 6 to over 9.5, the activity is 
essentially constant when p-nitroaniline is used as the substrate (Fig. 6). 
With histamine, a stronger base, the reaction falls off sharply below pH 
8.5. Although this suggests that only the uncharged form of the amino 
group can be acetylated, a definite statement cannot be made, without 
knowing whether the same enzyme carried out both acetylations. It is of 
interest that Koshland (23) reported a pH dependence for the non-en- 
zymatic acetylation of glycine by acetyl phosphate. At the concentra- 
tions of substrate and acetyl phosphate used in our experiments, the non- 
enzymatic reaction did not introduce a significant error. 

Sulfhydryl Requirement—In slightly alkaline incubation mixtures, an 
absolute requirement for a reducing agent, such as sodium thioglycolate, 
cysteine, or hydrogen sulfide, can be demonstrated (Fig. 7, A). This 
requirement was not found if the enzyme had been preincubated with 
EDTA (Fig. 7, B), and thus is presumably associated with a metal im- 
purity in the incubation mixture. EDTA can only partially reactivate an 
inactivated enzyme, but essentially complete reactivation can be ac- 
complished by the addition of reducing agent. A less pronounced effect 
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of reducing agents is seen at pH 6.8 (Fig. 7, C), at which there is essentially 
no effect on the initial rate of the reaction, even after preincubation of the 
entire reaction mixture for 28 minutes at 25°. This is consistent with the 
well known effect of pH on sulfhydryl oxidations (24). In some experi- 
ments reducing agent alone was not sufficient to maintain the enzyme 
activity; EDTA was required in addition.! 
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Fia. 5. Inhibition by free CoA of acetylation by acetyl CoA. The incubation 
mixture contained 400 um of potassium phosphate buffer, pH 6.8, 5 um of sodium 
thioglycolate, 5 um of EDTA, 0.045 um of acetyl CoA, 0.1 um of p-nitroaniline, free 
CoA as indicated by the numbers on the curves (in micromoles), and 7.5 units of 
acetylating enzyme in a final volume of 1.0 ml. 

Fig. 6. Effect of pH on acetylation of p-nitroaniline. The incubation mixture 
contained 5 um of EDTA, 5 uM of sodium thioglycolate, 40 units of acetylating en- 
zyme, 0.09 um of acetyl CoA, 0.1 uM of p-nitroaniline, and 20 to 400 um of the appro- 
priate buffer in a final volume of 1.0 ml. The initial velocities are expressed as the 
decrease in optical density per minute at 420 mp. ©, potassium acetate; @, potas- 
sium phosphate; O, tris(hydroxymethyl)aminomethane (Tris); A, sodium pyro- 
phosphate; V, potassium glycine; O, potassium borate. 


The sulfhydryl nature of the acetylating enzyme is further shown in 
Fig. 8, in which complete inhibition was caused by a final concentration 
of 10-' m p-chloromercuribenzoate (25). This inhibition was completely 
reversed by sodium thioglycolate. 

Other Substrates—-With essentially the same conditions as those used for 
p-nitroaniline acetylation (1 ml. volume, containing 0.1 um of substrate, 
13 um of acetyl phosphate, transacetylase, and 0.1 um of CoA), spectro- 


1 Independently, S. P. Bessman (personal communication), working in the labora- 
tory of F. Lipmann, has also noted the effect of sulfhydryl compounds and EDTA 
on the transfer of acetyl groups of CoA by purified acceptor enzymes. 4-Aminoazo- 
benzene-4’-sulfonic acid is employed as an acetyl acceptor. 
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photometric methods were employed to follow the acetylation of a number 
of other aromatic amines. Under these conditions, the initial reaction 
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Fic. 7. Effects of EDTA and sulfhydryl compounds on the acetylating enzyme. 
A, effect of sodium thioglycolate on the acetylation of p-nitroaniline at pH 8. The 
incubation mixtures contained 200 uM of Tris buffer, 0.1 um of p-nitroaniline, 8 units 
of acetylating enzyme (in 0.2 ml. containing 20 um of potassium phosphate) in a total 
volume of 0.9 ml. (pH 8). The incubation mixture of Experiment I contained, in 
addition, 5 um of sodium thioglycolate. At arrow a, 0.044 uM of acetyl CoA (0.1 ml.) 
was added to each incubation mixture. At arrow b, 5 um of sodium thioglycolate 
(0.05 ml.) were added to the incubation mixture of Experiment II. The theoretical 
decrease in optical density for 0.044 um in 1 ml. is 0.264. B, effect of EDTA on the 
acetylation of p-nitroaniline'at pH 8. The incubation mixture contained 200 um of 
Tris buffer, pH 8.1, 0.1 um of p-nitroaniline, 16 units of acetylating enzyme (in 0.1 
ml. containing 6 uM of phosphate) in a total volume of 0.9 ml. (pH. 8). 10 umof EDTA 
were also included in the incubation mixture for Experiment I. After 20 minutes 
incubation at 25° 0.044 um of acetyl CoA (0.1 ml.) was added to both Experiments I 
and II (at arrowa). At arrow b, 10 um of EDTA (0.1 ml.) were added to Experiment 
II; at arrow c, 5 um of cysteine (0.05 ml.) were added to Experiment II. C, effect of 
sodium thioglycolate on the acetylation of p-nitroaniline at pH 6.8. The incuba- 
tion mixture contained 28 um of potassium phosphate buffer (pH 6.8), 0.1 um of p-ni- 
troaniline, and 7 units of acetylating enzyme in a total volume of 0.9ml. In Experi- 
ment I, 5 um of sodium thioglycolate were also present. At arrow a, 0.044 uM of 
acetyl CoA (0.1 ml.) was added to each incubation mixture. The theoretical de- ' 
crease in optical density is 0.264; the final decrease attained with the incubation 
mixture of Experiment I was 0.253. 


rates with p-aminobenzoic acid, m-nitroaniline, o-phenylenediamine, 0-to- 
luidine, m-toluidine, o-bromoaniline, p-bromoaniline, o-anisidine, and p- 
anisidine were found to be comparable to that with p-nitroaniline. On 
the other hand, no spectral changes were observed with o-aminobenzoic 
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acid (anthranilic acid), o-nitroaniline, orthanilic acid, sulfanilic acid, 
p-nitromethylaniline, or kynurenine. p-Nitroaniline or p-anisidine added 
to these inactive incubation mixtures was acetylated, indicating that no 
pronounced inhibitory activity was present. It has been found convenient 
to use PNA at a concentration of 10-* m, which is far below saturation, 
and the other substrates were studied at the same level. Since these sub- 
strates were not tested at the same relative concentrations with respect to 
enzyme saturation, further detailed comparisons of the actual rates ob- 
tained have not been presented. 
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Fria. 8. Inhibition of p-nitroaniline acetylation by p-chloromercuribenzoate. The 
incubation mixture contained 40 um of potassium phosphate buffer (pH 6.8), 5 um of 
EDTA, 3 units of acetylating enzyme, and water to a total volume of 0.8 ml. The 
incubation mixture of Experiments II and III also contained p-chloromercuriben- 
zoate (final concentration 10-® and 10-5 m, respectively). After 15 minutes incuba- 
tion at 25°, 0.1 um (0.1 ml.) of p-nitroaniline and 0.09 um (0.1 ml.) of acetyl CoA were 
added to the three incubation mixtures. At 147 minutes 5 um of sodium thioglyco- 
late were added to the incubation mixture of Experiment ITI. 


The acetylation of histamine was fellowed by the disappearance of the 
ninhydrin-reacting material according to the method of Moore and Stein 
(16). Acetylhistamine does not react in this test. In incubation mixtures 
containing 2 uM of histamine, 300 um of potassium pyrophosphate buffer, 
pH 9.3, 4 units of transacetylase, 10 uM of lithium acetyl phosphate, 0.1 um 
of CoA, 10 um of sodium thioglycolate, 5 um of EDTA, and 160 units of 
acetylating enzyme in a total volume of 1.0 ml., approximately 50 per cent 
of the histamine is acetylated in 30 minutes. Essentially comparable data 
were obtained in other experiments, in which acetylhistamine was deter- 
mined by a diazotization procedure (26), after differential extraction into 
tertiary butanol at pH 8 (27). Under similar conditions, 0.2 um of phenyl- 
ethylamine was acetylated in 30 minutes, as determined by the ninhydrin 
procedure. 
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Previous studies on amine acetylations have used sulfanilamide (1), 
p-aminobenzoic acid (1), aminoazobenzene (28), and glucosamine (4). 
The purified enzyme preparations also acetylate glucosamine, but only at 
about 4 per cent of the rate of PNA acetylation. The report of Chou 
and Soodak (4) that this acetylation is not inhibited by benzylpenicillin 
has been confirmed, as well as the inhibition by penicillin of aromatic 
amine acetylation at low CoA concentrations reported by Soodak (29), 
In these experiments acetylglucosamine was determined by a micromodifi- 
cation of the Morgan and Elson method (30) devised by Dr. J. Strominger 
(personal communication). 


DISCUSSION 


The partially purified enzyme preparation described in this paper is 
capable of catalyzing the acylation of various amines by acetyl CoA and, 
more slowly, by butyryl CoA. The data presented show that, under 
certain conditions, the sulfhydryl nature of the enzyme can be demon- 
strated. The effects of thioglycolate and EDTA indicate that inactiva- 
tion is probably associated with the sulfhydryl-binding and sulfhydryl- 
oxidizing properties of a heavy metal impurity. Although the réles of 
essential sulfhydryl groups in the reaction mechanisms of many different 
kinds of enzymes are not known, it is tempting to consider that the —SH 
group of the acetylating enzyme is involved in the formation of an acyl- 
enzyme as an intermediate in the transfer of acyl groups from CoA to 
amines, analogous to the mechanism suggested by Racker and Krimsky 
for triosephosphate dehydrogenase (31). 

The apparent discrepancy between the results reported here on the 
requirement for sulfhydryl groups and the previous reports from other 
laboratories (6) of stoichiometric acetylation by acetyl CoA in the absence 
of added reducing agent may be explained by the following considerations: 
at low pH values the enzyme is inactivated slowly; there is presumably a 
metal involved in the inactivation, whose concentration certainly varies 
from laboratory to laboratory; and the previous reports dealt only with 
final values, not rates. In order to maintain maximal activity, a metal 
binder, a reducing agent, or both should be included at any pH. 

The partially purified preparation acetylates a number of aromatic 
amines, as well as histamine, 8-phenylethylamine, and glucosamine. No 
acetylation was observed when aromatic amines substituted with acidic 
groups in the ortho position were used. These compounds did not in- 
hibit the acetylation of other aromatic amines. The extent of purifica- 
tion is still too limited to indicate whether one or more enzymes are 
responsible for the different activities. Although our results with benzyl- 
penicillin confirm those of Chou and Soodak in indicating differences in 
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glucosamine and PNA acetylation, the mechanism of this inhibition is 
not sufficiently clear at present to require the conclusion that separate 
enzymes are involved. This is particularly true in view of the marked 
differences in the rate of acetylation of PNA and glucosamine. 

The direct spectrophotometric method for following the acetylation of 
aromatic amine affords a convenient procedure for the measurement of 
acetyl CoA. Substrates can be selected to permit the reaction to be fol- 
lowed at convenient wave-lengths; the reaction may be followed spectro- 
photometrically by measuring either the disappearance of the free amine 
or the appearance of the acetyl compound. This method for the deter- 
mination of acetyl CoA has certain advantages over the other two spec- 
trophotometric procedures available. Whereas the phosphotransacetylase 
reaction is followed at 232 to 240 my and the citrate reaction at 340 mu, 
much higher wave-lengths can be used with aromatic amines. This per- 
mits reactions to be studied in crude systems and in the presence of other 
substances which absorb strongly in the ultraviolet. This method also 
permits acetylation to be measured in systems containing pyridine nucle- 
otides. 


We wish to thank Mr. Frank Suggs for technical assistance during these 
studies. 


SUMMARY 


1. The acetylation of p-nitroaniline to p-nitroacetanilide affords a con- 
venient spectrophotometric method for following acetylation reactions, 
as well as for the assay of acetyl CoA. 

2. A partially purified pigeon liver preparation has been used to carry 
out this acetylation of p-nitroaniline, as well as the acetylation of p-amino- 
benzoic acid, histamine, and numerous other amines. 

3. The acetylating enzyme has been shown to contain an essential sulf- 
hydryl group. 
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AN ENZYMATIC REACTION BETWEEN CANAVANINE AND 
FUMARATE 


By JAMES B. WALKER 


(From the Biochemical Institute, The University of Texas, and the Clayton Foundation 
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Little is known of the metabolism of canavanine, an amino acid present 
in high concentration in jack bean meal. Prior to this study the only 
enzymatic reaction in which canavanine has been shown to participate as a 
substrate is hydrolysis to canaline and urea, catalyzed by arginase prepara- 
tions (1). Oginsky and Gehrig (2) recently reported that canavanine was 
not decomposed by an arginine desimidase preparation from Streptococcus 
faecalis F24, although canavanine did inhibit the desimidation of arginine. 

In this paper a second enzymatic reaction involving canavanine as sub- 
strate is reported: a reaction between L-canavanine and fumarate catalyzed 
by an arginosuccinase preparation from jack bean meal (3). The signifi- 
cance of this reaction is enhanced by the observation that acetone-dried 
cells of several microorganisms can also carry out this reaction. A method 
is described for the isolation as the barium salt of the product of this reac- 
tion, believed to be canavanosuccinic acid. 
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NH, COOH 


EXPERIMENTAL 


Jack Bean Arginosuccinase—This enzyme preparation from jack bean 
meal (Sigma) was prepared as previously described (3) with the exception 
that isoelectric precipitation from the aqueous extract with 1 m acetic acid 
was carried out between pH 4.8 and 4.2. 

Microorganism Preparations—Chlorella pyrenoidosa cells were grown, har- 
vested, and acetone-dried as previously described (3). Escherichia coli B 
arginineless mutant No. 48, Streptococcus faecalis R, Leuconostoc mesen- 
teroides P-60, Lactobacillus arabinosus, Lactobacillus fermenti, Lactobacillus 
delbrueckit, and Lactobacillus casei cells were grown at 37° for 24 hours in 
a medium composed of 1 per cent each of glucose, peptone, and yeast ex- 
tract. Cells were then harvested, washed, and acetone-dried. 
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Paper Chromatography—Ascending one- and two-dimensional paper chro- 
matograms were employed as described elsewhere (4). 

L-Canavanine—This compound was isolated from jack bean meal and 
kindly supplied by Dr. H. Kihara and Dr. E. E. Snell. 

Isolation of Barium Salt of Reaction Product—The procedure employed 
was almost identical with that previously reported for the isolation of 
barium arginosuccinate (3). A reaction mixture consisting of 175 mg. of 
L-canavanine, 500 mg. of jack bean arginosuccinase, 8 ml. of 0.77 m potas- 
sium fumarate, and 18 ml. of water, final pH 7.3, was incubated for 46 hours 
at room temperature. Toluene was added to prevent bacterial growth 
during the reaction. The mixture was then centrifuged to remove the in- 
soluble portion of the crude enzyme preparation, and 3 gm. of BaCl.-2H.O 
were added. The mixture was centrifuged, and the residue washed and 
discarded. ‘The supernatant fluid plus washings and several drops of chlo- 
roform was evaporated to dryness overnight at room temperature with the 
aid of a fan. The residue was extracted twice, each time with 3 ml. of 
water, and centrifuged, and the residue discarded. Ethanol was added 
dropwise with stirring to the supernatant fluid to a final concentration of 50 
per cent by volume. The mixture was allowed to stand for 30 minutes and 
then centrifuged. The supernatant fluid was saved for subsequent re- 
covery of unchanged canavanine and unprecipitated reaction product. The 
residue was extracted twice, each time with 1 ml. of 20 per cent ethanol, 
centrifuged, and the residue discarded. Ethanol was added dropwise with 
stirring to the supernatant fluid to a final concentration of 50 per cent. 
The mixture was allowed to stand for 30 minutes, centrifuged, and the 
supernatant fluid saved for recovery of canavanine and the reaction prod- 
uct. The residue was washed on a fritted glass filter with a small volume 
of cold 70 per cent ethanol, then acetone, and aspirated free from acetone. 
The yield was 150 mg. of the barium salt. From the supernatant fluid 20 
mg. more of the barium salt were reclaimed. The isolated compound was 
free from ninhydrin-reactive impurities. 





Results 


The only previously known enzymatic reaction involving canavanine is 
hydrolysis by arginase, an enzyme whose primary substrate is arginine. 
It is also known that canavanine inhibition of the growth of certain micro- 
organisms is competitively reversed by arginine (5, 6). It would appear 
that arginine-handling enzymes of many organisms cannot distinguish com- 
pletely between arginine and its naturally occurring structural analogue, 
canavanine. By analogy with these observations, it was considered likely 
that canavanine might be able to replace arginine in the reaction with 
fumarate catalyzed by arginosuccinase. 
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A mixture of 1 ml. of 0.2 m potassium phosphate buffer, pH 8.5, 30 mg. 
of jack bean arginosuccinase, 4 mg. of L-canavanine, and 0.1 ml. of 0.77 
mM potassium fumarate was incubated at room temperature for 12 hours. 
The long incubation period was employed to show up any slow reaction 
which might occur. Paper chromatography of the reaction mixture dis- 
closed that a ninhydrin-reactive compound was produced in tubes contain- 
ing both fumarate and canavanine, but was not produced in tubes in which 
either canavanine or fumarate was omitted. Malate would not replace 
fumarate in this reaction. 

This reaction product can be distinguished from all common amino acids, 
including arginosuccinic acid, as a purple ninhydrin spot on two-dimen- 


TaBLeE I 
Rr Values of Canavanosuccinic Acid and Arginosuccinic Acid 1 in Various Solvents 








| RF value 

Solvent Ratio | Ca navano-| Argino- 
| succinic succinic 

acid | acid 

| 

Phenol-water Water-saturated | 0.13 0.27 
e ammonia atmosphere | i | 0.18 | 0.26 

‘f acetic acid atmosphere _ | 0.55 | 0.65 
n-Butanol-acetic acid-water | 4:1:1 | 0.08 | 0.08 
Lutidine-water 65:35 | 0.00 | 0.00 
Pyridine-water 65:35 | 0.27 | 0.30 
Ethanol-water  4nl 0.17 | 0.20 
Ethanol-0.1 n HCl | 4:1 | 0.60 | 0.60 
Methanol-water | 95:5 | 0.06 | 0.06 
ae acetic acid atmosphere | 95:5 | 0.65 | 0.65 





sional paper chromatograms, with water-saturated phenol, ammonia at- 
mosphere (Rr 0.13), followed by a 4:1:1 n-butanol-acetic acid-water mix- 
ture (Rr 0.08), as solvents. The butanol-acetic acid solvent is needed to 
distinguish this new compound from aspartic acid; when aspartate is known 
to be absent, one-dimensional paper chromatograms are usually satisfactory 
when phenolic solvents are used. When paper chromatograms containing 
both canavanine and its reaction product are sprayed with a 0.2 per cent 
ninhydrin solution in 95 per cent ethanol and then heated to develop the 
color, the sequence of color changes which occurs during heating at the 
spots corresponding to these compounds is the same for both compounds 
and different from most other amino acids. The reaction product ends up 
as a purple spot indistinguishable in color from spots given by other amino 
acids. The R»y values of this compound in various solvents are listed in 
Table I, along with corresponding values for arginosuccinic acid. From 
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these values it may be concluded that the compound is predominantly 
acidic in nature; in fact, all the evidence points toward an enzymatic reac- 
tion between canavanine and fumarate analogous to that between arginine 
and fumarate. 

The product of such a reaction would be canavanosuccinic acid, which 
bears the same structural relationship to arginosuccinate as canavanine 
does to arginine. Such a compound should submit to the same isolation 
procedure as has been employed for arginosuccinic acid (3). This was con- 
firmed by the isolation of 170 mg. of the barium salt as described in detail 
under ‘“Experimental.”” The procedure found successful was exactly the 
same as for the isolation of barium arginosuccinate. Mild procedures were 
employed in order to minimize any cyclization which might occur on con- 
tact with acids or high temperature. (The isolation procedure first re- 
ported for arginosuccinic acid (7) was valuable in that it furnished a pure 
compound for structural studies, but it gave an enzymatically inactive prod- 
uct.) 

Degradation of Isolated Compound—Autoclaving the canavanine-fuma- 
rate reaction product in aqueous solution for 6 hours at 125° brought about 
the complete disappearance of this compound, together with the simultane- 
ous appearance of two ninhydrin-reactive compounds. One product of this 
treatment was identified as aspartic acid from its blue color with ninhydrin 
and its Ry values in the solvents listed below. The other product, which 
apparently appeared in the greater amount on heating, was shown not to 
be canavanine, 6-alanine, or a-aminobutyrate. It migrated to the homo- 
serine position on paper chromatograms when water-saturated phenol, with 
and without an ammonia atmosphere, pyridine-water, butanol-acetic acid- 
water, lutidine-water, and methanol-water were employed as solvents. 
Both degradation products could be readily distinguished by paper chro- 
matography from canaline (kindly supplied by Dr. H. Kihara). 

Reversibility of Canavanine-Fumarate Reaction—Arginosuccinic acid, 
when isolated under conditions in which excessive heat and acid conditions 
are avoided, has been found to be cleaved readily by jack bean argino- 
succinase preparations, as well as by suspensions of acetone-dried Chlorella 
cells (3), thus demonstrating the reversibility of the reaction catalyzed by 
arginosuccinase. Evidence for a similar reversibility of the canavanine- 
fumarate reaction was obtained only after prolonged incubation of the iso- 
lated reaction product with jack bean arginosuccinase. A reaction mixture 
of 4 mg. of the isolated barium salt, potassium sulfate to precipitate the 
barium, 1.0 ml. of 0.05 m potassium phosphate buffer, pH 7.1, and 30 mg. 
of jack bean arginosuccinase was incubated at room temperature for 24 to 
36 hours in a stoppered tube. Toluene was added to prevent bacterial 
action. The time-course of the reaction was followed by means of paper 
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chromatograms. Practically all of the compound was found to disappear 
within 36 hours; this process could be accelerated somewhat by the addi- 
tion of a preparation of jack bean arginase (3) to remove canavanine. 

Biological Distribution of Canavanine-Fumarate Reaction—Experiments 
concerned with determining the biological distribution of this reaction were 
designed to correlate as much as possible with the work of Volcani and Snell 
(6) on the effects of canavanine, arginine, and related compounds on the 
growth of certain bacteria. The various microorganisms tested were ace- 
tone-dried; 5 per cent suspensions of these dried cells in 0.05 m phosphate 
buffer, pH 7.1, were incubated for 24 hours at room temperature with 0.1 
m fumarate and 0.1 M arginine or canavanine. Toluene was added to pre- 
vent bacterial growth. Two-dimensional paper chromatograms were em- 
ployed to detect any arginosuccinate or canavanine-fumarate reaction prod- 
uct formed. All organisms requiring arginine for growth and known to 
be able to have that requirement satisfied by citrulline were found to pos- 
sess arginosuccinase activity. This group included E. coli B arginineless 
mutant No. 43 (7), and L. arabinosus, L. casei, L. delbrueckii, and L. fer- 
menti (6). In separate experiments these organisms were all found to pro- 
duce small but detectable amounts of the canavanine-fumarate reaction 
product. 

The organisms found to be unable to satisfy their arginine requirements 
with citrulline (6), S. faecalis R and L. mesenteroides P-60, showed no ar- 
ginosuccinase activity, nor was any canavanine-fumarate reaction product 
detected in separate experiments. Volcani and Snell (6) found that neither 
of these two organisms was inhibited by canavanine. 

Acetone-dried Chlorella cells, known to have an active arginosuccinase 
enzyme (7), produced detectable quantities of the canavanine-fumarate 
reaction product during a 24 hour incubation period, when sufficient ca- 
navanine was supplied to overcome the inhibitory effect of endogenous 
arginine. The £. coli mutant and Chlorella, the two microorganisms 
among those tested with the greatest synthetic abilities, possessed the 
greatest arginosuccinase activity, as well as the most activity in the ca- 
navanine-fumarate reaction. It is possible that if certain of the lactic 
acid bacteria tested were grown in media containing citrulline their ar- 
ginosuccinase activity would be increased. 

Chlorella arginine desimidase (3) did not produce ammonia from cana- 
vanine, a finding similar to that obtained with arginine desimidase from S. 
faecalis F24 (2). Among the microorganisms mentioned in this study, ar- 
ginine desimidase activity was observed only in Chlorella, L. fermenti, S. 
faecalis R, and L. mesenteroides P-60. 

Mutual Inhibition Studies—Another approach to the question of the par- 
ticipation of arginosuccinase in the canavanine-fumarate reaction involved 
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mutual inhibition studies, the results of which are presented in Tables IT 
and III. It can be seen from Table II that, while canavanine inhibited 
the formation of arginosuccinate, this inhibition could be reversed by add- 
ing more arginine. The reciprocal relationship between the reaction prod- 
ucts during these inhibitions and reversals is illuminating. When argi- 


Taste II 
Inhibition of Arginosuccinate Formation by Canavanine 

Each tube contained 17 mg. of jack bean arginosuccinase, 10 mg. of potassium 
fumarate, 0.8 ml. of 0.05 m phosphate buffer, pH 7.1, plus other substrates as shown 
below. The reactions were followed with paper chromatograms up to 30 hours at 
room temperature. In tubes containing barium salts, potassium sulfate was also 
added. ASA = arginosuccinic acid; CSA = canavanosuccinic acid. Intensities 
of ninhydrin spots estimated as shown. 








Additions | Tube 1 Tube2 | Tube3 | Tubes | Tubes 
| mg. mg. mg. a js mg. 
TACADAVERING:, 6.0 « 6.0:0'65:5)0's10 49.0001 | 24 12 | 12 
ae SS | aes | 27 | 2.7 2.7 | 14 2.7 
Pat sic eessieninemecy sistas } | 20 
CR st ovo due sc | +++ ++ + | ++ +++ 
ea ee + ++ | + +++ 
Tasie III 


Inhibition of Canavanosuccinate Formation by Arginine 
Conditions of experiment as in Table II. 











Additions Tube 1 Tube 2 | Tube 3 Tube 4 | Tube 5 
| mg. mg | mg. mg. mg. 
IPQAUEVENIDG. .....:.--+2. 52: 2.4 | 2.4 2.4 12 | 2.4 
L-Arginine-HCl.............. 2.7 | 12 14 
Un SE a ne ene ee | 20 
| | ’ j 
DSATBIOE x o.050: + wisress)s s - { +--+ | +++ ++ +++ 
Oi a eae +++ | + | =— + + 


nosuccinate production was decreased by adding canavanine, it can be seen 
that canavanosuccinate production correspondingly increased. When argi- 
nosuccinate formation was increased in the presence of canavanine by add- 
ing more arginine, canavanosuccinate formation was correspondingly in- 
hibited. 

From Table III it can be seen that arginine is an even more potent in- 
hibitor of canavanosuccinate formation than canavanine is of arginosuc- 
cinate formation. This inhibition can be reversed by adding more 
canavanine, and the reciprocal relationship between arginosuccinate and 
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canavanosuccinate formation noted above holds here also. Added argi- 
nosuccinate is seen to inhibit canavanosuccinate formation, whereas added 
canavanosuccinate did not decrease arginosuccinate formation appreciably 
at the concentration used. Apparently the affinity of arginosuccinase for 
arginine and arginosuccinic acid is greater than for canavanine and canava- 
nosuccinic acid, respectively. 


DISCUSSION 


Volcani and Snell (6) concluded that growth inhibition by canavanine 
results from its interference in the utilization of arginine for various syn- 
thetic reactions. From the results of the work reported here, it appears 
that canavanine might also inhibit the biosynthesis of arginine, which oc- 
curs via arginosuccinate (8). 

The question naturally arises as to how canavanine is synthesized by 
the jack bean. An obvious possibility is that reactions analogous to those 
involved in arginine synthesis occur, but no experimental evidence beyond 
the reaction reported here is available at this time. 

The function of canavanine in metabolism is equally obscure. One pos- 
sibility is that it functions in a regulatory capacity in reactions involving 
arginine, such as arginine synthesis or degradation, incorporation of argi- 
nine into proteins, urea utilization in certain green plants (7), urea for- 
mation in mammals or elasmobranch fishes, arginine phosphate formation, 
or pyrimidine synthesis or degradation (3). Arguments previously ad- 
vanced for the participation of arginosuccinate in pyrimidine metabolism 
(3) in our present state of knowledge could apply to canavanosuccinate as 
well. The hydrolysis product of canavanine, canaline, is a substituted hy- 
droxylamine and obviously capable of many condensation reactions. Teas 
(9) has noted a metabolic relationship between canavanine, but not cana- 
line, and homoserine. The observation that simple thermal degradation 
of canavanosuccinate yields a compound indistinguishable from homo- 
serine by paper chromatography is of interest in this connection. 

If for no other reason, the canavanine-arginine mutual inhibition phe- 
nomenon reported here is of interest as a classical illustration of competi- 
tive inhibition between -naturally occurring substrates. The special ad- 
vantage of this example is that the evidence is clear that the inhibiting 
moiety is simultaneously participating in a reaction. The development 
of multicellular organisms in particular must depend upon many such com- 
petitive inhibition systems. 


The author wishes to express his appreciation to Dr. Jack Myers, Dr. 
R. J. Williams, and Dr. E. E. Snell for their contributions to this investi- 
gation. 
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SUMMARY 


Canavanine, a naturally occurring structural analogue of arginine, has 
been shown to react with fumarate in the presence of a preparation of jack 
bean arginosuccinase to form a ninhydrin-reactive compound. Malate 
does not replace fumarate in this reaction. The compound was isolated 
as the barium salt by the procedure previously found effective for the 
isolation of barium arginosuccinate. This isolated compound can be 
cleaved enzymatically by preparations containing arginosuccinase plus ar- 
ginase. Thermal degradation yielded two ninhydrin-reactive compounds 
which could not be distinguished by paper ae from homo- 
serine and aspartic acid. 

Microorganisms previously known to be able to synthesize arginine from 
citrulline were found to possess arginosuccinase activity. These organisms 
were also found to be able to carry out the canavanine-fumarate reaction. 
On the other hand, no arginosuccinase activity was found in two micro- 
organisms known to be unable to synthesize arginine from citrulline; these 
organisms were also apparently unable to carry out the canavanine-fuma- 
rate reaction. 

Enzyme inhibition studies showed that canavanine competitively inhib- 
its arginosuccinate formation from arginine and fumarate, while arginine 
competitively inhibits the canavanine-fumarate reaction. 

It is proposed that the canavanine-fumarate reaction product is canava- 
nosuccinic acid, which bears the same relationship to arginosuccinic acid 
as canavanine does to arginine. 
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DETERMINATION OF TRYPSIN INHIBITOR 
IN BLOOD PLASMA* 
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(From the Department of Biochemistry, Marquette University School of Medicine, 
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In 1922 Hussey and Northrop (1) found that trypsin and blood trypsin 
inhibitor formed an inactive but dissociable compound. Graphically the 
relationship was represented by a curve. Hussey and Northrop appar- 
ently used water as a diluent for plasma, since additions of the equivalent 
amounts of water, instead of the inhibitor, are indicated for the control 
tubes. 

Recently Shulman (2) used m/30 phosphate buffer in physiological 
saline as a diluent and found that the relationship between trypsin in- 
hibited and the amount of the inhibitor was represented by a straight 
line. This meant that the blood plasma inhibitor formed with trypsin a 
stoichiometric, non-dissociable compound. 

From the work on other trypsin inhibitors (3, 4) it is known that tryp- 
sin forms non-dissociable complexes with the inhibitors within a fairly 
wide range of pH values from 5 to 8. The complexes dissociate below pH 
3 (3,5). The influence of hydrogen ions is therefore well established. No 
requirements for other ions or for the total ionic strength of the medium 
in which the complex is either formed or dissociated have been reported 
for any of the known trypsin inhibitors. 

In an attempt to apply the method of Kunitz (6) to the determination 
of trypsin inhibitor in blood plasma we have found that the salt concen- 
trations of the diluent exerted a significant influence. A linear relation- 
ship was found only when the salt concentration of a diluent was in the 
range of 0.03 to 0.14 m. No specific requirements as to the nature of 
either cations or anions were noticed. 


EXPERIMENTAL 


Rabbit blood was collected by cardiac puncture, oxalated, and cen- 
trifuged. Plasma was stored at 5°. The inhibitor was found to be stable 
under these conditions for several weeks. 


* Aided by a research grant from the National Institutes of Health, United States 


‘Public Health Service. 


t Some of the data included in this report were taken from a thesis submitted by 
Miss Shirley F. McCann to the Graduate School of Marquette University in partial 
fulfilment of the requirements of the degree of Master of Science. 
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Trypsin recrystallized three times was prepared according to Kunitz 
and Northrop (7), as modified by McDonald and Kunitz (8). Casein 
was prepared according to Dunn (9). The activity of trypsin was deter- 
mined by the method of Kunitz (6). This activity was expressed in the 
casein units of Kunitz (6), and read from his standard curve. A value of 
100 was assigned to the number of units found for the non-inhibited tryp- 
sin; all other values were expressed in per cent. This permitted a direct 
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DILUTED PLASMA 


Fia. 1. The effect of dilution of plasma with water on the inhibition of trypsin. 
All tubes contained 15 y of trypsin and the indicated amounts of diluted plasma and 
were adjusted to a total volume of 1 ml. with water. ©, plasma diluted 1:20; e@, 
plasma diluted 1:50; @, plasma diluted 1:100. 


comparison of different series of experiments. Since in blood plasma a 
considerable amount of optically active substances is not precipitated by 
2.5 per cent trichloroacetic acid, the values for blanks are highly signifi- 
cant. In some experiments blanks were made for each concentration of 
the inhibitor. In the majority of experiments the procedure of Kunitz 
was used: blanks were made for zero and for the highest concentration of 
the inhibitor and the values for the intermediate concentrations were 
extrapolated. No significant differences between the simplified and com- 
plete control systems were observed. 

Unless otherwise specified, the same diluent was used for the original 
dilution of plasma and for bringing up to 1 ml. the volume of the mixture 
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DILUTED PLASMA 
Fig. 2. The effect of dilution of plasma with physiological saline (0.14 m). All 
tubes contained 15 y of trypsin and the indicated amounts of diluted plasma and 
were adjusted to a total volume of 1 ml. with 0.14. mM NaCl. O, plasma diluted 1:10; 
@, plasma diluted 1:20; @, plasma diluted 1:50. 
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DILUTED PLASMA 
Fia. 3. The effect of dilution of plasma with 0.14 m KCl. All tubes contained 15 
y of trypsin and the indicated amounts of diluted plasma and were adjusted to a 


total volume of 1 ml. with 0.14 m KCl. O, plasma diluted 1:10; @, plasma diluted 
1:20; ®, plasma diluted 1:50. 
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of trypsin and inhibitor to be analyzed. Casein was added 15 to 20 min- 
utes after mixing. 

Fig. 1 illustrates the results of experiments in which distilled water was 
used as a diluent. All three curves are S-shaped, indicating that below a 
critical level of plasma very little or no formation of the complex occurred. 
The greater the original dilution of plasma, the flatter was the curve. 
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DILUTED PLASMA 


Fia. 4. The effect of dilution of plasma with sodium chloride solutions of variable 
concentration on the inhibition of trypsin. All tubes contained 15 y of trypsin and 
the indicated amounts of plasma, diluted 1:20. All tubes were adjusted to a total 
volume of 1 ml. with the same diluent. @,0.14M; 0,0.03m; ©, 0.014 m; @, 0.003 m. 








When isotonic saline was used as a diluent (Fig. 2), the results were 
represented by straight lines. Within the range of experimental error, 
the amount of trypsin inhibited was proportional to the amount of in- 
hibitor. 

When either 0.14 m KCl (Fig. 3) or 0.1 m sodium phosphate buffer, pH 7 
(not shown), was used as diluent, almost identical sets of straight lines 
were obtained. These results indicate that the observed phenomenon is 
not associated with a particular ion, but is rather a property of the ionic 
strength of the medium. Fig. 4 illustrates the experiment in which sodium 
chloride solutions of different concentrations were used as diluents. A 
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straight line relationship was observed with the salt concentrations 0.14 m 
and 0.03 m; when the salt concentration of the diluent was lowered fur- 
ther, the S-shaped curves resulted. 

Fig. 5 illustrates the results of an experiment in which 0.1 m phosphate 
buffer, pH 7, was used for the initial dilutions of plasma, but water was 
used to bring the mixture of trypsin and trypsin inhibitor to the volume 
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DILUTED PLASMA 
Fic. 5. The effect of dilution of plasma with 0.1 M phosphate buffer on the inhibi- 
tion of trypsin. All tubes contained 15 y of trypsin and the indicated amounts of 
diluted plasma and were adjusted to a total volume of 1 ml. with distilled water. 
O, plasma diluted 1:20; @, plasma diluted 1:50; @, plasma diluted 1:100. 








of 1 ml. The tubes containing lower levels of inhibitor also contained 
lower levels of salt. The results resemble the curves for a dissociable 
complex observed by Hussey and Northrop (1) and by Duthie and Lorenz 
(10). 

Interpretation of the S-shaped curves is not attempted at present. 
Their appearance is believed to be due to some interfering substances 
present in plasma, since partially purified blood plasma inhibitor (11) 
does not behave similarly. 

A practical conclusion from the results presented is that by using physi- 
ological saline as a diluent throughout the whole procedure the method of 
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Kunitz can be successfully applied to the determination of trypsin in- 
hibitor in blood plasma. 


SUMMARY 


Trypsin inhibitor in blood plasma can be determined with reasonable 
accuracy by the method of Kunitz when physiological saline is used as a 
diluent throughout the whole procedure. Under these conditions a stoi- 
chiometric, non-dissociable complex is formed between trypsin and blood 
plasma trypsin inhibitor. When the concentration of salt is lowered 
beyond 0.03 m, the straight proportionality between the amount of in- 
hibitor and the amount of trypsin inhibited no longer exists; in such media 
the relationship is represented by complicated S-shaped curves. 
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PARTIAL PURIFICATION OF THE TRYPSIN INHIBITOR 
FROM BLOOD PLASMA* 
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(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 


(Received for publication, March 19, 1953) 


Schmitz (1, 2) described a method for a partial purification of trypsin 
inhibitor from bovine blood. His method was almost identical with that 
described by Kunitz and Northrop (3) for the preparation of pancreatic 
trypsin inhibitor. In view of the similarity of his procedure with that of 
Kunitz and Northrop, Schmitz (2) suggested that the. blood plasma tryp- 
sin inhibitor is either very similar to or identical with the pancreatic tryp- 
sin inhibitor. Grob (4) reported that he repeated the method of Schmitz 
and referred to the preparation thus obtained as “crystalline.” Duthie 
and Lorenz (5) also attempted to repeat the procedure of Schmitz (2). 
They obtained a small amount of product consisting mainly of ammonium 
sulfate and accounting only for 0.02 per cent of the inhibiting activity of 
plasma. In addition they noticed that, in contrast to the pancreatic 
inhibitor, the trypsin inhibitor from blood plasma was unstable in acid 
solutions. 

In view of the previous interest in trypsin inhibitors of bovine origin 
(6, 7), it appeared imperative to reinvestigate this controversial issue. 
The present paper describes a method leading to a partial purification of 
the trypsin inhibitor from blood plasma, and some of the properties of the 
partially purified inhibitor. 


EXPERIMENTAL 


The inhibitory activity was determined by the method of Kunitz (8), 
with physiological saline as a diluent (9). The inhibitory activity was 
expressed in units, 1 unit being equal to the amount of inhibitor capable of 
inhibiting 1 y of trypsin. As in a previous paper (6), the potency at each 
stage was expressed in micrograms of trypsin inhibited per unit of optical 
density of the inhibitor solution at 280 my, which was numerically equal 
to (units of activity) /E},™. 

* Aided by a research grant from the National Institutes of Health, United States 
Public Health Service. 

+ Research Fellow of the National Heart Institute, United States Public Health 
Service, at the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin. Some of the data included in this report were taken from a thesis sub- 
mitted by R. J. Peanasky to the Graduate School of Marquette University in partial 
fulfilment of the requirements of the degree of Master of Science. 
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As a starting point in devising the purification procedure, several at- 
tempts were made to repeat the method of Schmitz (2). None were suc- 
cessful. It was found that exposure of the whole blood or plasma to 0.25 
N sulfuric acid overnight, even in the cold, resulted in a complete loss of 
the inhibitory activity. In agreement with the findings of McCann (10), 
the treatment with trichloroacetic acid at room temperature also produced 
a heavy loss of the inhibitory activity (Table I). The results shown in 
Table I indicate that, in contrast to the inhibitor from pancreas and co- 
lostrum, the inhibitor from blood plasma is precipitated and partially 
inactivated by 2.5 per cent trichloroacetic acid. In view of this finding 
it became necessary to devise a method of purification which did not in- 
volve the exposure to strongly acid media. A partial purification of the 
inhibitor was accomplished by the following procedure. 


TABLE [ 


Effect of Exposure to Trichloroacetic Acid at Room Temperature For 30 Minutes on 
Trypsin Inhibitory Activity of Whole Plasma 





Concentration of 


trichlnvoaceticlacid Filtrate units Ppt. units | Total units | Per cent recovery 
nae i eee te es | oe 
0 1920. 100 
1.5 35.5 440 475.5 24.8 
2.0 9.2 357 366.2 19.0 


2.5 


10.0 313 323.0 16.8 


Step 1—Bovine blood was collected at the local slaughter-house, oxa- 
lated, and centrifuged. Plasma, usually about 6 liters, was diluted with 
an equal volume of physiological saline. The mixture was acidified with 
5 N sulfuric acid to pH 4.0 and cooled to 5°. It was brought up to 40 per 
cent saturation (for that temperature) by addition of solid ammonium 
sulfate (250 gm. per liter) and allowed to stand overnight. It was filtered 
in the cold with the aid of Celite No. 545 (20 gm. per liter) on a large stain- 
less steel Biichner funnel! through one sheet of Whatman No. 1 filter paper, 
32 cm., with gentle suction. The precipitate was rejected. The filtrate 
was brought to 90 per cent saturation with ammonium sulfate (375 gm. 
per liter). The mixture was filtered through the same Biichner funnel at 


room temperature with the aid of 5 gm. of Celite per liter. The filtrate | 


was rejected. 
Step 2—The precipitate was suspended in 20 volumes of water and the 
Celite removed by filtration. The clear filtrate was adjusted to pH 4.7 
1 Model 503, a gift from the American Biosynthetics Corporation, to whom we ex- 


press our gratitude. It is equipped with a gage indicating vacuum. We found it 
convenient to filter with a vacuum corresponding to 15 inches of Hg. 
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with 5 n NaOH and brought to 50 per cent saturation at room tempera- 
ture with solid ammonium sulfate (377 gm. per liter). It was allowed to 
stand at room temperature overnight. The precipitate was filtered with 
the aid of Celite (10 gm. per liter) and discarded. The filtrate was brought 
to 65 per cent saturation with solid ammonium sulfate (100 gm. per liter) 
and allowed to stand for several hours. The precipitate containing most 
of the inhibitory activity was collected on an 18.5 cm. Biichner funnel with 
the aid of 2 gm. of Celite per liter. 

Step 3—The precipitate was suspended in 2 volumes of water and the 
Celite filtered. An additional volume of water was used to wash the 
Celite. The filtrate and washing were combined and brought to 30 per 
cent saturation with solid ammonium sulfate (22.6 gm. per 100 ml.). The 
clear solution was carefully adjusted to pH 3.6 and allowed to stand until 
a heavy precipitate formed. This usually required not more than 15 
minutes. Longer exposures resulted in a partial loss of activity. The 
mixture was centrifuged at full speed in a Servall type SS-la centrifuge for 
8 minutes. The centrifuge was stopped by applying the mechanical 
brake. The clear supernatant fluid was decanted and quickly adjusted to 
pH 6.5. An equal volume of 30 per cent saturated ammonium sulfate was 
added, followed by addition of 15.1 gm. of solid ammonium sulfate per 
100 ml. of mixture. The precipitate which formed was filtered with the 
aid of Celite (1 gm. per 100 ml.) and was rejected. To the clear filtrate 
10.0 gm. of ammonium sulfate per 100 ml. were added, and the precipitate 
containing most of the activity was collected on a small Biichner funnel 
with the aid of Celite. 

Step 4—The precipitate was suspended in a small volume of water; 
the Celite was removed and washed. The liquid was dialyzed against 
running tap water for 60 hours. It was diluted with distilled water to 
produce a solution having an optical density of 2.0 at 280 mu. The pH 
was carefully adjusted to 3.6 with 0.5 N sulfuric acid. 20 mg. of bentonite 
were added per each ml., and the mixture was allowed to stand overnight 
at 5°. The bentonite was centrifuged off and the supernatant fluid, con- 
taining most of the activity, was lyophilized. 

The extent of purification at various steps is illustrated in Table II. 
Several attempts were made to crystallize the trypsin-blood trypsin in- 
hibitor complex by adding trypsin to the purified inhibitor. So far they 
have not been successful. 

The partially purified inhibitor is not dialyzable, which will indicate 
similarity to soy bean inhibitor rather than to pancreatic and colostrum 
inhibitors which are slowly dialyzable through a cellophane membrane. 
This would suggest a molecular weight higher than 10,000. 

When a solution of the purified inhibitor was exposed to 2.5 per cent 








TRYPTIC UNITS INHIBITED 
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trichloroacetic acid for 30 minutes at room temperature, not more than 
0.14 per cent of inhibitory activity remained in the filtrate, while about 12 


per cent could be recovered after the trichloroacetic acid precipitate has 


TABLE II 
Extent of Purification of Blood Plasma Trypsin Inhibitor 








Fraction Potency,* units per Elem. | Per cent yield 
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12 (11- 18) 100 
PUES IER tI. COONS 2 Ses e Seas 65 (60-70) | 45 
i hud cari Sakray tide | 160 (140-180) | 20 
BEM ese Ne bh hacen ra eka etah ata 300 (280-330) | 10 
SEMA eRe Neco at RPIS Sense, F ce piako es eiste Sere leases | 500 (480-520) | 5 
* Average value and range. 
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PARTIALLY PURIFIED INHIBITOR SOLUTION 
Fia. 1 Fia. 2 


Fic. 1. Comparison of water (O) and physiological saline (@) as diluents in the 
determination of activity of partially purified blood trypsin inhibitor. All tubes 
contained 15 y of trypsin and the indicated amounts of partially purified inhibitor 
solution, having an optical density of 0.045 at 280 mu. 

Fia. 2. The effect of partially purified blood trypsin inhibitor on chymotrypsin a. 
All tubes contained the indicated amounts of inhibitor solution, having an optical 
density of 1.135 at 280 mp. 50 y of chymotrypsin a (O); 20 y of chymotrypsin a (@). 


been redissolved. This is in agreement with the previous finding on the 
whole plasma. The behavior of the blood plasma inhibitor toward tri- 
chloroacetic acid resembles, therefore, that of soy bean inhibitor. 
Contrary to the whole plasma, purified blood plasma trypsin inhibitor 
does not require the presence of ions in the medium to form the complex 
and reacts stoichiometrically with trypsin in saline as well as in distilled 
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water (Fig. 1). It inhibits chymotrypsin a in a manner similar to that 
found by Kunitz (8) for the soy bean trypsin inhibitor (Fig. 2). 


SUMMARY 


A method leading to a partial purification of the trypsin inhibitor from 
bovine blood plasma has been described. The method consists of frac- 
tionation with ammonium sulfate at pH 4 between 40 and 90 per cent 
saturation, refractionation at pH 4.7 between 50 and 65 per cent satura- 
tion, removal of inactive protein at pH 3.6 and 30 per cent saturation, 
dialysis, and removal of inactive protein by adsorption on bentonite. 
Total purification is approximately 50-fold and the total yield of the in- 
hibitor about 5 per cent. 

The following properties of the purified inhibitor were observed: it is 
unstable at room temperature at pH values below 3.6, it is precipitated 
and inactivated by 2.5 per cent trichloroacetic acid, and it is not dialyzable 
through cellophane. In view of these findings it is concluded that blood 
plasma trypsin inhibitor is not identical with the crystalline pancreatic 
inhibitor, and probably has a higher molecular weight. 
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TRANSAMINASES IN SMOOTH BRUCELLA 
ABORTUS, STRAIN 19 
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Maryland) 


(Received for publication, February 13, 1953) 


Goodlow et al. (1) clearly demonstrated that the establishment of non- 
smooth variants in originally smooth virulent cultures of Brucella species 
grown in Gerhardt-Wilson synthetic medium (2) is concurrent with the 
appearance of alanine in the medium. Previous work in this laboratory 
(3) has shown that a considerable amount of alanine is produced by a 
glutamate to pyruvate transamination reaction by strain 19 of Brucella 
abortus. The data reported in this paper show that in sonic extracts of 
this organism there is a variety of transaminases. Evidence has been 
obtained for the presence of transaminases which catalyze amino transfer 
from leucine, isoleucine, norleucine, or phenylalanine to pyruvate without 
proceeding through glutamic acid. Although glutamic acid participates 
in all transaminases that have been studied extensively (4), the work of 
Rowsell (5) and the present paper offer evidence that there are trans- 
aminases which do not involve glutamate. In addition, sonic extracts 
of this organism contain transaminases which transfer amino groups to 
a-ketoglutarate from the four amino acids mentioned above. 


EXPERIMENTAL 


A smooth variant of Brucella abortus, strain 19, was employed. Meth- 
ods for maintenance of stock cultures and for preparation of cell suspen- 
sions have been described previously (3). Cell suspensions were disinte- 
grated by sonic oscillation in a Raytheon sonic oscillator for 90 minutes 
at low temperature (about 5°). The resulting preparation was centri- 
fuged for 1 hour at 8000 r.p.m. in a Servall high speed centrifuge at re- 
frigerator temperature (4°). The clear supernatant fluid was decanted 
and dialyzed in the cold for 48 to 72 hours against 0.1 m phosphate buffer 
adjusted to pH 7.4. This fluid extract consistently contained from 2 to 3 
mg. of nitrogen per ml. and was devoid of detectable amounts of free 
amino acids. The dialyzed extract was used immediately or stored in a 
frozen state until needed. All ammonium sulfate precipitation procedures 
were carried out in the refrigerator. Residual salt was removed from 
redissolved precipitates by dialysis in the cold against 0.1 m phosphate 
buffer at pH 7.4. Substrates were dissolved in 0.1 m phosphate buffer 
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and adjusted to pH 7.4 if necessary. Determination of transaminase 
activity was performed by incubating enzyme solution plus substrate solu- 
tion at 37° anaerobically in Thunberg tubes. At successive times, samples 
were removed and the tubes were evacuated again. These samples were 
analyzed for amino acids by the quantitative method of Housewright and 
Thorne (6). Qualitative and quantitative determinations of keto acids 
were performed by the methods of Magasanik and Umbarger (7). 


Results 


Many chromatograms of crude or undialyzed sonic extracts of this 
organism have shown that the free amino acids appearing in largest 
amount are the leucines, phenylalanine, alanine, glycine, glutamic acid, 
and perhaps some serine and aspartic acid. Many of these amino acids 
were found to participate in transamination reactions catalyzed by en- 
zymes present in sonic extract. As in other organisms, enzymes trans- 
aminating to a-ketoglutarate from leucine, isoleucine, norleucine, and 
phenylalanine were readily demonstrable, although glycine and serine 
were inactive. 

Incubation of the various leucines and phenylalanine plus pyruvic acid 
with sonic extracts indicated that there was considerable transfer of amino 
nitrogen to pyruvate to produce alanine. An analysis of reaction rates of 
pertinent transaminases established that the nitrogen is not transferred 
through glutamate. It was possible to show that glutamic acid was 
formed slightly more rapidly by aspartic-glutamic transamination than 
by leucine-glutamic transamination. Glutamic-alanine and aspartic-glu- 
tamic transaminases had been detected in earlier work (3). Therefore, 
if alanine were synthesized from leucine plus pyruvate by two steps pro- 
ceeding through trace amounts of glutamate or a-ketoglutarate, aspartic 
acid plus pyruvate should give rise to alanine as rapidly as does leucine. 
However, aspartate does not give rise to alanine, as is shown in Table I. 

Furthermore, at no time did detectable amounts of glutamic acid or 
any amino acid other than substrate constituents appear on any of the 
chromatograms. These data both eliminate aspartic-alanine transaminase 
as a possible enzyme and establish leucine to pyruvate transamination as 
a separate and probably single step. Only after prolonged incubation is 
alanine synthesized from aspartate and pyruvate. Since free amino acids 
appear in slight amount in sonic extract controls after long incubation, 
the formation of alanine from aspartate plus pyruvate seems not to be 
significant. Probably, 6-decarboxylation of aspartate is not involved, 
since no alanine arises from aspartate alone. There is, likewise, no alanine 
synthesis from D-aspartate and pyruvate. Sonic extracts can metabolize 
carbohydrates by the Krebs cycle (8) and could produce intermediates, 











fe 
in 


ca 


i- 


Ss 


ls 


cid 
no 

of 
red 
vas 
an 
‘lu- 
re, 
rO- 
rtic 
ine. 
Ie 
| or 
the 
1ase 
n as 
n is 
cids 
‘ion, 
> be 
ved, 
nine 
olize 
ates, 














R. A. ALTENBERN AND R. D. HOUSEWRIGHT 161 


a-ketoglutarate in this case, which would facilitate a two-step amino trans- 


fer from aspartate to pyruvate proceeding through glutamate after lengthy 
incubation. 











TaBLeE [ 
Production of Alanine by Transamination by Sonic Extracts of Smooth B. abortus 
Strain 19 
| Total amino acid after 
Substrate | Amino acid found Paes. dele A : 5; 
| 2 hrs. | 4hrs. | 6hrs. | 24 hrs. 
: i. | aya ‘ uM | uM uM uM 

L-Leucine (50 um) + | Leucine 44.7 | 49.5 | 51.4 40.3 
Na pyruvate (100 um) | Alanine 3.0| 5.4] 7.41 9.7 

| | 
pui-Isoleucine (50 um) + | Isoleucine 43 | 43.6 | 48 | 38.7 
Na pyruvate (100 um) | Alanine 2.1 | 3.7] 4.7| 6&2 

| | | 
pu-Norleucine (50 um) + | Norleucine 41.2 | 51 | 48.6 | 31.7 
Na pyruvate (100 um) | Alanine 2.9| 5.4 | 6.2 | 
puL-Phenylalanine (50 um) + | Phenylalanine | 44.7 | 54.0 | 48.6 | 51 
Na pyruvate (100 um) | Alanine 2.0| 2.3) 4.5] 4.4 
L-Aspartic acid (50 um) + | Aspartate 26.8 26.4 | 21.5) 5.2 
a-Ketoglutaric acid (50 um) Glutamate 16.4 | 21.2 | 24.0 | 31.2 

| | | | 
L-Leucine (50 wm) + | Leucine 29.8 | 28.6 | 23.2 | 17.4 
a-Ketoglutaric acid (50 um) | Glutamate 14.5 | 20.7 | 21.8 | 24.8 

| | 
t-Glutamic acid (50 um) + | Glutamate 43.0 | 48.6 | 44 a2:7 
Na pyruvate (100 um) Alanine 5.3 | 7.4 | 10.2 | 17.6 
t-Aspartic acid (50 um) + | Aspartate 42.0 | 47.0 | 48.5 | 36.0 
Na pyruvate (100 um) Alanine 0 | 0 | 0 | O 





1 ml. of dialyzed sonic extract plus 1 ml. of substrate solution incubated anaerobi- 
cally at 37° in Thunberg tubes at pH 7.4. 


A rough ammonium sulfate fractionation of sonic extract yielded sup- 
porting evidence for the presence of leucine-alanine transaminase. The 
fractions precipitated by 10, 20, 30, 40, and 50 per cent (weight by volume) 
ammonium sulfate were centrifuged, dissolved in buffer, and dialyzed to 
remove residual salt. The fractions were analyzed for relative amounts 
of four transaminases. By determining rates of reactions, it is possible 
to draw curves of the precipitating characteristics of the different trans- 
aminases. Arbitrarily, a unit of any transaminase was designated as that 
amount of enzyme which will catalyze the transfer of 10 mum of amino 
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nitrogen per hour when the rate of transfer is linear. The data appear in 
Fig. 1. Leucine-glutamic transaminase is precipitated by 20 per cent 
ammonium sulfate. Both leucine-alanine and glutamic-alanine trans- 
aminases exhibit maximal precipitation at 30 per cent ammonium sulfate, 
while aspartic-glutamic transaminase is precipitated over a broad range 
with a maximum at 40 per cent ammonium sulfate. Repeated fractiona- 
tion of sonic extract with ammonium sulfate has yielded preparations 
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Fic. 1. Transaminase activity of precipitates obtained from ammonium sulfate 
fractionation of sonic extract of smooth B. abortus, strain 19. 1 ml. amounts of re- 
dissolved precipitates added to 1 ml. amounts of substrate solutions and incubated 
anaerobically at 37° at pH 7.4. Sampled and analyzed at 2, 4, and 6 hours of incuba- 
tion. Substrates, u-leucine (50 um) + Na pyruvate (100 um), L-leucine (50 um) + 
a-ketoglutaric acid (50 um), u-glutamic acid (50 um) + Na pyruvate (100 um), L-aspar- 
tic acid (50 um) + a-ketoglutaric acid (50um). All tubes contained 6.4 y of pyridoxal 
phosphate. 


which catalyze leucine-alanine transamination directly, but which require 
pyridoxal phosphate before glutamic-alanine transamination occurs. 
Sonic extract was precipitated first with 30 per cent and then with 35 per 
cent ammonium sulfate. The supernatant fluid was freed of salt by 
dialysis after each step. The final salt-free supernatant fluid from 35 
per cent precipitation was tested for the two transaminases cited above, 
with and without pyridoxal phosphate. These data are presented in 
Table II. Although the incubation time was great and the enzyme con- 
centrations apparently small, it is clear that the transaminases may be 
separated on this basis. 
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It has been reported that removal of nucleic acid and inert protein from 
bacterial extracts' and culture filtrates (9) by the addition of protamine 
greatly facilitates enzyme separation by ammonium sulfate fractionation. 
Preliminary clearing of sonic extract by addition of protamine sulfate to a 
final concentration of 2 mg. per ml. sharpened ammonium sulfate frac- 
tionation. The precipitate formed by addition of protamine sulfate (1 
hour in the refrigerator) was removed by centrifugation and discarded. 
The supernatant fluid was fractionated with ammonium sulfate in the 
cold and the 20, 25, 30, 35, and 40 per cent (weight by volume) precipitates 


TaBLeE II 


Transaminase Activity of Precipitate Obtained from Sonic Extract between 30 and 35 
Per Cent (Weight by Volume) Ammonium Sulfate 














Substrate Total amino acid found 
ae Sa ieee ives 

L-Leucine (100°um) + Leucine 117 
Na pyruvate (200 um) Alanine | 6.4 
L-Leucine (100 um) + Leucine | 109 
Na pyruvate (200 um) + 1 y pyridoxal phosphate Alanine | 6.8 
u-Glutamic acid (100 um) + Glutamate | 114 
Na pyruvate (200 um) Alanine 0 
L-Glutamic acid (100 um) + Glutamate | 96 
Na pyruvate (200 um) + 1 y pyridoxal phosphate Alanine 5.6 





Precipitate obtained between 30 and 35 per cent ammonium sulfate redissolved 
in cold 0.1 m phosphate buffer at pH 7.4. 2 ml. aliquots of this solution were trans- 
ferred to each Thunberg tube. 2 ml. of substrate solution were then added and 
the Thunberg tubes incubated anaerobically for 18 hours at 37°. 


were collected and redissolved in buffer as before. After dialysis, the 
amounts of leucine-alanine and glutamine-alanine transaminases were 
determined by analysis of rates, as previously described. The ratios of 
amounts of these enzymes in each fraction were found to vary regularly 
and provided another basis for separation of the two transaminases. 
Table III shows the data consistently obtained in such experiments. 
A partially resolved preparation was obtained by thrice precipitating 
the fraction removed from sonic extracts between 20 and 35 per cent 
(weight by volume) ammonium sulfate. Dialysis followed each precipita- 
tion and resolution of the precipitate. Further, extensive reprecipitations 
resulted in rather great inactivation. Pyridoxal phosphate saturation 
curves were conducted on the partially resolved enzyme solution with 


1 Wilson, P. W., personal communication (1952). 
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both leucine-pyruvate and glutamic-pyruvate substrates. The results ap- 
pear in Fig. 2. Since the coenzyme concentration remaining in the prepa- 
ration was not determined, no effort was made to calculate the Michaelis 
constant for each enzyme. However, it is apparent that the curves vary 
in shape and that the maximal velocities are quite different. From in- 
spection of the curves, it is probable that the Michaelis constant for leu- 
cine-alanine transaminase is less than that for glutamic-alanine trans- 
aminase, supporting the data in Table II. 

Analysis of leucine to pyruvate transaminating system for a-keto acids 
by the method of Magasanik and Umbarger (7) revealed that at zero time 
pyruvic acid was the only keto acid present. During incubation, another 


TaBLeE III 


Protamine and Ammonium Sulfate Fractionation of Sonic Extract for Separation of 
Leucine-Alanine and Glutamic-Alanine Transaminases 














Per cent ammonium sulfate Rate of leucine-alanine transaminase 
(weight by volume) Rate of glutamic-alanine transaminase 
20 | 0.73 
25 0.71 
30 0.66 
35 | 0.57 
40 0.38 


The Thunberg tubes contained 1 ml. of solution of precipitate from ammonium 
sulfate fractionation, 1 ml. of substrate solution containing either 50 um of L-leucine 
and 100 um of Na pyruvate or 50 um of L-glutamic acid and 100 um of Na pyruvate 
and 0.2 ml. of coenzyme solution containing 5.5 y of pyridoxal phosphate. Incu- 
bated anaerobically at 37° and sampled and analyzed at 2, 4, and 6 hours of incuba- 
tion; pH 7.4. 


keto acid of high Rr in butanol-acetic acid-water solvent appeared. This 
acid seemed to increase in concentration as the time of incubation in- 
creased. By comparison with a pure sample of sodium a-ketoisocaproate, 
this component was found to be identical chromatographically with a-keto- 
isocaproic acid. No other keto acids appeared during incubation. 
Quantitative analysis for the alanine synthesized and the a-ketoisocaproate 
released established that rates of production of these two components 
were parallel (Table IV). 

Although it is generally accepted that the well known transamination 
reactions involve glutamic acid or a-ketoglutaric acid (4), it is becoming 
apparent that transaminases occur which may catalyze amino transfer 
without the participation of a-ketoglutarate or glutamate. Earlier work- 
ers (10) claimed that transamination occurred between aspartic acid and 
alanine when enzyme preparations were fortified with several activators. 
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Later it was shown that aspartic-alanine transaminase is an artifact and 
that the two activators are pyridoxal phosphate and glutamic acid (11). 
However, in the work presented here, there was no evidence which would 
implicate glutamic acid as a necessary component in transfer of amino 
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GLUTAMIC- ALANINE TRANSAMINASE 
VMAX= 147.5 yo/misbr. 





LEUCINE -ALANINE TRANSAMINASE 





RATE OF ALANINE SYNTHESIS ( yg / mi /hr.) 








go} ° sag 
a ‘i oVMAX® 76.8 yg/mi/hr. 
60 
x 
40 a 
> 
20 . 





ie) I 2 3 4 5 
yg PYRIDOXAL PHOSPHATE PER 2.2 mi. 


Fic. 2. Pyridoxal phosphate saturation curves for leucine-alanine and glutamic- 
alanine transaminases in a partly resolved preparation from sonic extract of smooth 
B. abortus, strain 19. 1 ml. of enzyme solution + 1 ml. of substrate solution + 0.2 
ml. of pyridoxal phosphate solution incubated anaerobically at 37° at pH 7.4. 
Sampled at 2, 4, and 6 hours of incubation. Substrate solutions, t-leucine (50 um) 
+ Na pyruvate (100 um), u-glutamic acid (50 um) + Na pyruvate (100 uM). 


TABLE IV 


Production of Alanine and a-Ketoisocaproate during Leucine-Alanine Transamination 
by Sonic Extract of Smooth B. abortus Strain 19 





Incubation | Total alanine Total a-ketoisocaproate 
hrs. | uM | uM 
2 3.6 | 5.0 
4 5.1 G1 
ia 6.8 6.9 





1 ml. of dialyzed sonic extract plus 1 ml. of substrate solution incubated anaerobi- 
cally in Thunberg tubes at 37°; pH 7.4. Total substrate, t-leucine 50 um, Na pyru- 
vate 100 um. 
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groups from leucine to pyruvate. There was no requirement for either 
glutamate or a-ketoglutarate, nor were these two compounds ever de- 
tected in the complete system required for leucine-alanine transamination. 

The results of precipitation studies show that neither leucine-glutamic 
nor glutamic-alanine transaminase is precipitated in a constant ratio to 
leucine-alanine transaminase. Ammonium sulfate fractionation of sonic 
extract before protamine is apparently not very selective and served only 
to separate those enzymes with gross solubility differences, such as leucine- 
glutamic and leucine-alanine transaminases (Fig. 1). However, treatment 
of sonic extract with protamine prior to ammonium sulfate fractionation, 
together with the decrease in ammonium sulfate concentration increments 
from 10 per cent to 5 per cent (Table III), gave good evidence that leucine- 
alanine and glutamic-alanine transaminases can be separated by solubility 
differences. Although data obtained from coenzyme saturation studies 
are not entirely clear, these results do show that pyridoxal phosphate is 
the coenzyme for leucine-alanine transaminase. The data contained in 
this paper effectively demonstrate that leucine-alanine transamination 
is an enzymatic reaction separable from other transaminases and that the 
possible net transfer of amino group from leucine to pyruvate proceeding 
through glutamic acid has been eliminated. Transamination reactions 
involving transfer of amino group to pyruvate from isoleucine, norleucine, 
or phenylalanine have not been investigated as extensively as the leucine- 
alanine system, but the data in Table I strongly indicate that these three 
transaminations also occur directly and do not pass through glutamic 
acid. 


SUMMARY 


Sonic extracts of smooth Brucella abortus strain 19 contain enzymes 
which catalyze amino transfer from leucine, isoleucine, norleucine, or 
phenylalanine to a-ketoglutarate, producing glutamic acid. Data are 
presented to demonstrate that sonic extracts also possess transaminases 
which effect transfer of amino groups to pyruvate from leucine, isoleucine, 
norleucine, or phenylalanine. Leucine-alanine transaminase has been 
extensively investigated, and the results obtained indicate that this trans- 
amination occurs as a single step and that glutamic acid does not partici- 
pate in this reaction. Pyridoxal phosphate is the coenzyme for leucine- 
alanine transaminase. 


The authors wish to express their gratitude for generous gifts of calcium 
pyridoxal phosphate from Dr. W. W. Umbreit and of pure sodium a-keto- 
isocaproate from Dr. Alton Meister. 
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PREPARATION OF C#-LABELED p-GALACTOSE 
AND GLYCEROL* 


By R. C. BEAN, E. W. PUTMAN, R. E. TRUCCO,t 
AND W. Z. HASSID 


(From the Department of Plant Biochemistry, College of Agriculture, University of 
California, Berkeley, California) 


(Received for publication, March 9, 1953) 


The marine red alga [rideae laminarioides' contains a polysaccharide con- 
sisting of an alcohol-insoluble polymer of p-galactose sulfuric acid ester 
units, which accounts for about 40 per cent of the dry weight of the plant 
(2,3). It also contains from 1 to 4 per cent of an alcohol-soluble galacto- 
side, a-D-galactopyranosylglycerol, which, upon hydrolysis with acid or 
a-galactosidase, yields p-galactose and glycerol. Colin and Guéguen (4, 5) 
first showed this galactoside to exist in Rhodymenia palmata. 

Photosynthetic studies with C-labeled carbon dioxide indicated that 
the polysaccharide is formed very slowly and that it probably plays the 
role of a structural constituent of the cell wall similar to that of cellulose 
in higher plants. The galactosylglycerol, on the other hand, becomes ra- 
dioactive very early in the photosynthetic process. This red alga was 
used for the preparation of radioactive a-D-galactosylglycerol from which 
C-labeled p-galactose and C-labeled glycerol were prepared. 


EXPERIMENTAL 


A 1 gm. Irideae thallus, devoid of reproductive structures or nodules, 
was moistened with water and placed in the 50 ml. spherical flask, A, of 
the photosynthesis apparatus (Fig. 1); 40 mg. of C'*-labeled barium car- 
bonate (1.81 mc.) were introduced into the CO:-generating tube, B, and 
0.4 ml. of concentrated lactic acid solution into the side arm, C. A water 
jacket was placed around the flask to maintain a temperature of 15-20°. 
The apparatus was evacuated to 200 mm. through the stop-cock, a, the 
stop-cock was closed, and the COz generated by turning the tube, B, so as 
to tip the acid from the side arm, C, onto the carbonate. The tube, B, 
was then gently heated and, after cessation of gas production, the internal 


* This work was supported in part by a research contract with the United States 
Atomic Energy Commission. 


+ Instituto de Investigaciones Bioquimicas, Fundacién Campomar, J. Alvarez 
1719, Buenos Aires, Argentina. 


1'C. K. Tseng (1) later suggested Iridophycus flaccidum as a more appropriate 
name for this alga. 
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pressure was equilibrated to atmospheric pressure by allowing air to bubble 
into the apparatus through the manometer, D. 

The apparatus was illuminated for a period of 10 hours with a 150 watt 
reflector spot lamp (about 10,000 foot-candles). Previous experiments had 
shown that under these conditions the galactoside attained a maximal ac- 
tivity relative to other fixation products within 10 to 16 hours. The 
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Fig. 1. Photosynthesis apparatus. A, illumination chamber; B, CO, generator; 
C, side arm; D, manometer; £, alkali trap; and a, manometer stop-cock. 


amount of carbon dioxide introduced had been calculated so as to be com- 
pletely utilized in the photosynthetic process within 9 to 10 hours. At the 
end of the photosynthetic period the alkali trap, Z, containing 2 ml. of | 
N sodium hydroxide was attached to the manometer stop-cock and the 
air in the chamber slowly evacuated through it. The chamber was then 
flushed out by allowing air to reenter through the manometer and to re- 
evacuate through the alkali trap. The residual activity which was thus 
trapped amounted to 9.6 uc., indicating that 99.5 per cent of the radio- 
active carbon had been taken up by the thallus. 
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The thallus was removed from the chamber, dropped into a 40 ml. conical 
centrifuge tube containing liquid nitrogen, and the frozen material finely 
ground with a pestle shaped to fit the bottom of the tube. The material 
was extracted twice by boiling with 15 ml. portions of 80 per cent alcohol 
for several minutes, centrifuging, and decanting. The residue was then 
thoroughly mixed with 1 ml. of water to rehydrate the polysaccharide ma- 
terial, 10 ml. of 95 per cent alcohol were added, boiled, and centrifuged, 
and the solution was decanted. This latter procedure was repeated twice 
and all the extracts were combined. 

The combined extract was concentrated on the steam bath with the aid 
of an air jet directed into the container. The concentrate was dried in 
vacuo at 40°, yielding a residue weighing 65.8 mg., with a total activity of 
1.26 me. 

The dried extract was taken up in water, transferred to a 12 ml. conical 
centrifuge tube, and partitioned several times with petroleum ether by 
centrifuging after mixing and withdrawing the ether with a capillary pi- 
pette. The inorganic impurities were eliminated from the defatted extract 
by passing through 3 ml. bed volumes of Duolite A-3 and C-3 ion exchange 
columns. When the neutral solution was concentrated in vacuo, the resi- 
due weighed 18 mg. and had an activity of 863 ye. 

The concentrate was dissolved in 0.25 ml. of water and applied in 0.01 
ml. aliquots as a band on Whatman No. 1 filter paper, and the band devel- 
oped by descending chromatography with water-saturated phenol as pre- 
viously described (6). After development and drying, the chromatogram 
was placed in contact with an x-ray film and exposed for 1 hour, the film 
was developed, and the dark band of the radioautograph was used as a 
template to locate the galactosylglycerol on the paper. This section of the 
paper was cut out, washed with ether to remove some non-volatile impuri- 
ties left by the phenol solvent, and eluted by capillary descent with water. 
The eluate was dried in vacuo, giving a sirup having a weight of 17.2 mg. 
and an activity of 750 uc. 

The galactoside sirup was hydrolyzed by incubating for 20 hours with 
0.5 ml. of a 1.0 per cent solution of invertase containing melibiase (7). 
The hydrolysate was concentrated, redissolved in 0.25 ml. of water applied 
to paper, and the galactose separated from the glycerol by chromatograph- 
ing in water-saturated phenol. After locating the active bands by radio- 
autography, they were eluted and separately rechromatographed with a 
mixture of 52.5 per cent n-butanol, 32.0 per cent ethanol, and 15.5 per cent 
water. 

The galactose and glycerol obtained in this final step were chromato- 
graphically pure in so far as the active components were concerned. Their 
purity was determined by two dimensional chromatography on amounts 








172 c4-LABELED D-GALACTOSE AND GLYCEROL 
of material containing | ye. of activity and 2 day radioautograph exposures. 
This period was sufficient to detect any radioactive impurity present at a 
0.1 per cent activity level. However, the two active compounds were still 
contaminated with inactive impurities resulting from non-volatile matter 
which might have been present in the paper. Filtration, by using small 
sized filter paper and washing with small amounts of water, removed lint 
and other solid impurities. 

The sirupy galactose thus obtained weighed 8.6 mg. and had a total 
activity of 451 we. or 24.8 per cent of the original C“O, activity used. In 
order to avoid any loss, no attempt was made to crystallize the smail 
amount of galactose. The yield of glycerol was 5.0 mg. with an activity 
of 212 ue., or 11.8 per cent of the original CO, activity. On the basis of 
these yields, the specific activity of the galactose is 52 ue. per mg., and that 
of glycerol 42 wc. per mg. The difference between the specific activities of 
the two compounds may be attributed to the differences in amounts of 
non-volatile inactive impurities derived from the solvents and filter paper 
that remained in the radioactive sirups, and to the error involved in weigh- 
ing these hygroscopic sirups. Previous chromatographic determination 
of the activities of p-galactose and glycerol, obtained after hydrolysis of 
the galactoside, showed that the ratio of galactose activity to that of glyc- 
erol was 2:1, indicating an equal distribution of activity in the carbon 
atoms of the two compounds. 

In a non-tracer experiment with larger Jrideae thallus samples by an 
identical procedure, crystalline p-galactose was isolated, having a specific 
rotation, [a], +81°. The parent galactosylglycerol was also isolated in 
crystalline form. Upon methylation and subsequent hydrolysis, this galac- 
toside yielded tetramethyl-p-galactose and a,y-dimethylglycerol (8). 


SUMMARY 


A biosynthetic method for the preparation of C-labeled p-galactose 
and glycerol, with a red alga, [rideae laminarioides, is described. The 
method for isolation of these compounds is based upon the fact that this 
marine plant contains a galactoside, a-p-galactopyranosylglycerol, which 
upon hydrolysis produces D-galactose and glycerol. 

Of the CO, activity initially used, approximately 25 per cent and 12 per 
cent had been incorporated into the p-galactose and glycerol, respectively. 
The specific activity of the p-galactose was 52 ue. per mg., and that of 
glycerol 42 uc. per mg. 
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FACTORS INFLUENCING DEPOSITION OF CALCIUM AND 
STRONTIUM IN CARTILAGE IN VITRO* 


By PAUL A. MARKS,{ HOWARD H. HIATT,+ anp EPHRAIM SHORR 


(From the Russell Sage Institute of Pathology, the Department of Medicine, Cornell 
University Medical College, and The New York Hospital, New York, New York) 


(Received for publication, March 4, 1953) 


Recent studies in this laboratory have shown that strontium can be 
stored in man in amounts equal to and often greater than calcium with- 
out interfering with Ca retention (1). This work has led to a systematic 
study of the value of Sras an adjuvant to Ca in the remineralization of the 
depleted skeleton in man. It has likewise prompted a comparative study 
of the réle of local factors, such as phosphatase, glycogen, and phosphoryla- 
tive glycolysis, in the deposition in vitro of Ca and Sr in the epiphyseal car- 
tilage of rachitic rats. 

In the course of this investigation, modifications were introduced in the 
methods for the study of calcification in vitro, described over 25 years ago 
by Robison (2) and by Shipley (3) and more recently by Gutman and Yu 
(4). In addition, a technique was developed for the demonstration of 
glycogen in surviving cartilage slices which permitted these same slices to 
be employed for studies of mineralization in vitro (5). 


Methods 


Male rats (Carworth Farms), weaned at 20 to 22 days, were placed for 
9 to 14 days on the Schneider-Steenbock (6) low phosphorus rachitogenic 
diet (found by analysis to contain 0.08 per cent P and 0.56 per cent Ca). 
The animals were sacrificed by a blow on the head. The proximal ends of 
the tibiae and the distal ends of the femora were freed of muscle and fascia 
and cut longitudinally. In this way two contiguous surfaces of the tibiae 
and of the femora were obtained from each rat, affording four pairs of iden- 
tical surfaces for comparison under control and experimental conditions. 

The modifications of previous methodology which were adopted for these 
studies included the use during incubation of rubber-stoppered Erlenmeyer 
flasks with connecting glass tubing for aeration, and the equilibration of 
the incubation medium with a gas mixture designed to provide, with the 
bicarbonate in the medium, an HCO;-CO: buffer system which would main- 
tain the pH at 7.4. This procedure will be referred to as the ‘“Erlenmeyer 
flask method.” 


* Supported by a grant from the National Institutes of Health, United States 
Public Health Service. 


{ Postdoctorate Fellow of the United States Public Health Service. 
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This method corresponds in basic principles to that of Shipley (3) as far 
as one can judge from the brief and undetailed description of the technique 
used by that investigator. It was adopted after a comparison had been 
made with the results obtained with the method of Gutman and Yu (4), 
which utilizes test-tubes without aeration and will be referred to as the 
“test-tube method.” 

Each bone slice was placed in a 50 ml. Erlenmeyer flask containing 15 
ml. of the incubation mixture. The basal solution contained KCl (5 mm), 
NaCl (70 mm), and NaHCO; (20 mm), to which Ca, Sr, and P were added 
as indicated. For the studies on Ca deposition, Ca (2.4 mm) as CaCl, and 
inorganic P (1.6 mm) in the form of the buffer, Nas HPO.-NaH.PO, at pH 
7.4, were employed, and, in the Sr experiment, Sr (3.0 mm) as SrCl. and 
inorganic P (5.8 mm) as the sodium phosphate buffer were used. The 
incubation medium was prepared by adding the inorganic phosphate buffer 
to the basal salt solution and then lowering the pH of the mixture to 6.3 
by aerating with 100 per cent CO». At this point, the Ca or Sr solution 
was added, and the pH returned to 7.3 to 7.4 by bubbling air into the mix- 
ture so as to remove excess CO2. After the inhibitors were added, the pH 
of the incubation medium was readjusted when necessary to 7.3 to 7.4 by 
the addition of 0.1 Nn HCl or NaOH. Determinations of pH were carried 
out with a Beckman pH meter. Just prior to incubation the flasks were 
equilibrated, while shaking, with a gas mixture of 5 per cent CO.-95 per 
cent O2 for 20 minutes. With the concentration of bicarbonate used, this 
gas mixture served to maintain a constant pH of 7.4 throughout the course 
of the experimental period. Crystalline sodium penicillinate, 25 units per 
ml. of incubation solution, was added just prior to incubation to insure 
sterility of the medium. The bone slices were incubated for 18 hours in 
a closed system. During this period they were shaken in a Warburg bath 
(twenty oscillations per minute) at 37°. In most instances the pH of the 
solution at the end of the period of incubation was determined. 

Following incubation, the bone slices were stained for evidence of mineral 
deposition. Silver nitrate, which Cameron (7) has shown stains both the 
phosphate and carbonate salts of Ca and of Sr, was found to be more sat- 
isfactory than sodium alizarin (8) or cobalt chloride (9) and was utilized, 
in the following manner, for all experiments reported here. After removal 
from the incubation solution, the bone slices were washed in distilled water 
and placed in a 3 per cent silver nitrate solution in daylight until 
they stained a light brown. They were then exposed to ultraviolet light 
until dark brown (30 to 60 seconds), fixed in 10 per cent sodium thiosul- 
fate for 1 hour in the dark, washed in 95 per cent alcohol, and placed in 
glycerol. Glycerol was found to clear the bone slice and to preserve the 
silver nitrate stain without detectable change for many months. The bone 
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slices were examined under 80 X magnification, and the extent of deposi- 
tion in the epiphyseal cartilage graded 0 to 4 + (Fig. 1). This magnifica- 
tion permitted one to distinguish between the intercellular pattern of bone 
salt deposition which is similar to that seen in calcification in vivo and a 
diffuse amorphous deposition, which is generally agreed not to represent 
the normal process of mineralization. 

Owing to variations in the degree of rickets in different animals, some 
variability in the deposition of Ca or Sr in vitro is to be expected. In order 





Zero One plus Two plus 
mineral deposition mineral deposition mineral deposition 


1. Epiphysis 
2. Epiphyseal cartilage 
plate 


3. Zone of hypertrophic 
cartilage cells 


4. Primary spongiosa 





Three plus Four plus 
mineral deposition mineral deposition 


Fig. 1. Schematic representation of method for grading degree of mineralization 
in vitro of epiphyseal cartilage plate of rachitic rat bone slice. 


to avoid misinterpretation on this account, two types of controls were used 
ineach experiment. In one, termed a “blank,” the bone slice was incubated 
in basal solution alone, in the presence of which no deposition of lime salt 
could be anticipated. In the other, a more specific ‘“control,’’ the bone 
slice was incubated in basal solution to which P and Ca or Sr were added 
in concentrations, described above, which effect maximal deposition under 
the conditions of the experiment. The blank and control permitted evalu- 
ation of the effects of inhibitors and of varying concentrations of minerals. 

A technique was also developed for the demonstration of glycogen in 
surviving cartilage slices (5). A freshly dissected bone slice was exposed 
to the vapors of Lugol’s solution for 15 minutes at a distance of 0.5 em. 
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from the surface of the solution. There resulted a reddish brown staining 
of the glycogen-containing areas. The bone slices were then examined under 
80 X magnification, and the extent of the glycogen-staining area was graded 
0 to4 + ina fashion analogous to that for calcium or strontium deposition. 
The stain was then removed by gentle shaking of the cartilage slice in a 
0.1 per cent potassium iodide solution for 10 minutes. These slices were 
next washed in two changes of basal solution and then incubated in a calci- 
fying or strontifying medium. This procedure afforded a direct compari- 
son of the site and extent of the glycogen zone with the area of subsequent 
mineralization. 

In the experiments in which potassium cyanide was used, the pH of the 
inhibitor was adjusted to 7.5 prior to its being added to the incubation 
solution. The KCN was added subsequent to aeration in a closed system. 
It was introduced by means of a syringe and a hypodermic needle through 
the rubber stopper. Concentrations of CN— in the medium at the end of 
incubation were determined according to the method of the Association of 
Official Agricultural Chemists (10). 


Results 
Comparison of “Erlenmeyer Flask’ and ‘‘Test-Tube’’ Methods 


The Erlenmeyer flask and the test-tube methods were compared with 
respect to the stability of pH of the nutrient medium during the 18 hours 
incubation and the extent and uniformity of mineralization achieved with 
the optimal concentration of Ca, Sr, and P (Table I). With the Erlen- 
meyer flask procedure the pH of the nutrient medium after 18 hours of 
incubation remained within the desired range of 7.3 to 7.5 in 95 per cent 
of the experiments, whereas this range was achieved in only 70 per cent of 
the experiments by the test-tube method. Moreover, with the Erlenmeyer 
flask method there was more uniform deposition of both Ca and Sr (Table 
I) and an absence of the visible precipitate in the medium sometimes seen 
during incubation with the test-tube method. On the basis of these com- 
parisons the Erlenmeyer flask method was adopted for all subsequent 
experiments to be described. 

The data in Table I derived from the Erlenmeyer flask method show 
clearly that the extent of Sr deposition varied more widely and was gen- 
erally less than that of Ca. The solution containing Ca corresponded to 
the concentration of Ca and P generally accepted as being optimal for 
calcification in vitro (3). 

Experiments were conducted with combinations of Sr and P concentra- 
tions ranging from 0.7 to 5.9 mm of Sr and from 19.4 to 2.3 mm of P, all 
other experimental conditions remaining constant. The most consistent 
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deposition was noted in the presence of 3.0 mm of Sr and 5.8 mm of P, and 
these concentrations were used throughout the study. 

Deposition of Ca and of Sr occurred in the same intercellular pattern in 
the zone of hypertrophic cartilage cells. The possibility was excluded that 
the mineral salts which were deposited in the presence of Sr might actually 
have been Ca salts which had dissolved out of the bone shaft during the 
period of incubation; in the absence of added Ca or Sr no deposition oc- 
curred on incubation in basal solution containing 5.8 mm of P (Table II). 


TABLE I 


Comparison of Deposition in Vitro of Calcium and Strontium in Cartilage by 
Test-Tube and Erlenmeyer Flask Methods 




















Calcification* j ere 
Extent of deposition See ee Wk ee ee | ee 2553 
“Test- tube | Exlenmeyer Test- tube Erlenmeyer 

: eee = -| = sale aeeoee 

4+ 53 | 59 1 3 

3+ 8 | 16 0 6 

2+ 10 0 7 es 6 

4+ 3 | 0 9 6 

0 1 | 0 8 | 4 

No. of experiments.... 75 | 75 Bis te 











* Incubation medium, basal solution + 2.4 mm of Ca and 1.6 mn of inorganic P. 
+ Incubation medium, basal solution + 3.0 mm of Sr and 5.8 mo of inorganic P. 


Enzymatic Aspects of Mineralization 


A réle for phosphorylative glycolysis in the deposition of Ca in cartilage 
in vitro was suggested by the observations of Gutman et al. (11) that calcifi- 
cation was inhibited by phlorizin and iodoacetamide. 

Phlorizin in concentrations of 0.01 m has been found to inhibit phosphory- 
lase (12), which catalyzes the conversion of glycogen to glucose-1-phos- 
phate. In addition to this action of phlorizin, it has more recently been 
shown by Shapiro (13) and by Meyerhof and Wilson (14) that the oxida- 
tion of pyruvate and citrate and the transphosphorylation of adenosine- 
diphosphate and adenosinetriphosphate associated with the breakdown of 
phosphopyruvate are inhibited by one-fifth to one-tenth the concentrations 
of phlorizin required to inhibit glucose phosphorylation. 

In the present studies, 0.001 m phlorizin failed to inhibit the deposition 
of either Ca or Sr in cartilage in vitro. In concentrations of 0.01 m, phlori- 
zin did interfere markedly with Ca deposition (Table III). Inhibition of 
Sr deposition by 0.01 m phlorizin also occurred, although not to the extent 
noted with Ca deposition. When 3.2 mm of P as glucose-1-phosphate were 
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added to the incubation medium already containing 1.6 mm of P as inor- Cot 
ganic P, calcification and strontification took place in the presence of 0.01 tio 
M phlorizin (Table III). These are the concentrations of glucose-l-phos- of | 


TABLE II 


Mineralization of Cartilage on Incubation with Calcium-Free Medium Containing E 
_ Inorganic Phosphate, ir in Presence and Absence of Strontium* 


Extent of deposition Strontium 0, inorganic P 5.8 mm Strontium 3.0 mu, inorganic P 


oocceo 





©o | RS dD whe 


No. of experiments.......... 9 











———__——_—_—— No. 
. + Incubation medium, basal solution + strontium as SrCl. and plloaphotes as 


inorganic phosphate. F 
| 
TaBLe III 
Effect of Phlorizin on Calcium and Strontium Deposition in Vitro in Cartilage When 
Phosphorus Is Supplied As Inorganic Phosphate Alone or Supplemented with 
Glucose-1-phosphate 





Calcification* Strontificationt 





Phlorizin | Phlorizin 


0.01 Mu 
he al —| + 9.6 mu 


| 0.001 | 0.01 = 
-phos- 


| 
| 
* Bete | | | phate 
| 
| 


; 

s | 
Dis itiaits | | 
xtent of deposition Con- | Phlori- | Phlori- 


| 
|! 
trol | 9 dor “| pm aa: glucose- trol 








oe 


| No. 


; wWwwr OO 
awuwo°eo 





oc 
}; ©& bv 
— 





No. of experiments....| 10 10 | 10 7 | 10 | 10 | 13 ‘2 ¥ 


¥ Inoubation bien, ‘base! sdlution + 2. 3 mM “of Ca and 1 6 mM of inorganic P. hibi 
t Incubation medium, basal solution + 3.0 mm of Sr and 5.8 mm of inorganic P. a 

o 
phate and inorganic P used by Gutman ef al. (4, 11) in their comparable | °*!¢ 
experiments on the effects of phlorizin on Ca deposition. It should be . 
pointed out that this represents a considerably higher total P concentration | °h" 
than the 1.6 mM of P in the control solutions. Efforts to determine whether | ® } 
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comparable concentrations of inorganic P could overcome phlorizin inhibi- 
tion were unsuccessful, because precipitation occurred with concentrations 
of inorganic P higher than 2.6 mm in the presence of 2.3 mM of Ca. 


TaBLE IV 
Effect of Todoacetamide « on n Calcium and Strontium Deposition i in Cartilage i in Vitro 














Calcification* Strontificationt 
Extent of deposition ———— | os — 
Control | ae saa F Control Todoacetamide 
| 0,001 a 
4+ 12 0 0 | 0 
3+ 0 1 2 | 0 
2+ 0 | 4 6 | 2 
b | 0 | 5 4 5 
0 | 0 | 2 0 | 5 
No. of experiments... | 12 | 12 12 | 12 











* Incubation medium, basal wcities: " 2. 3 mM of Ca and 1.6 mo of inorganic P. 
+ Incubation medium, basal solution + 3.0 mm of Sr and 5.8 mm of inorganic P. 








TABLE V 
Effect of KCN on Calcium and Strontium Deposition in Cartilage in Vitro 
Calcification® Strontificationt 
Extent of deposition ~ : 3 
Control | KCN 0.01 | Control | KCN 0.01 « 
— = - ——— | eee i 7 
4+ 15 | 9 | 1 0 
3 + 4 | 4 | 2 | 2 
2+ eek 0 | . 2 
= 0 | 0 6 | 4 
0 0 | 0 | 0 | 0 
— | - _ _ _ | - — | 
| No. of experiments ....| 19 13 | 15 8 











: te ubation niodivem, basal solution + 2.3 mm wh Ca anal 1 6 mM elt inorganic P. 
+ Incubation medium, basal solution + 3.0 mm of Sr and 5.8 mm of inorganic P. 


Iodoacetamide in 0.001 m concentration is known to be an effective in- 
hibitor of 1 ,3-diphosphoglyceraldehyde dehydrogenase, the enzyme which 
catalyzes the equilibration of triose phosphate and 1,3-diphosphoglycerate 
(15). At this concentration iodoacetamide was found to inhibit the dep- 
osition of Ca, and, to a somewhat lesser degree, of Sr (Table IV). 

CN— blocks Fe+*+ -—> Fe+++-catalyzed systems, particularly the cyto- 
chromes, and thereby inhibits respiration (16). KCN in concentrations 
as high as 0.01 m exerted no detectable effect on calcification or strontifica- 
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tion of cartilage in vitro (Table V). The concentration of CN— in the 
medium at the end of the period of incubation in the closed system ranged 
from 7.2 X 10-* to 9.6 X 10-* Mm in experiments in which the initial con- 
centration of CN— was 1 X 107? M. 


TaBLe VI 


Effect of Incubation in Saliva (As Source of Amylase) on Glycogen Content and on 
Subsequent Calcium Deposition in Cartilage in Vitro 








Glycogen content* | Calcium asta 
Procedure BS eae he IRR see ee cree 
} o | + |2 +| 3 +| + j24 4+ 
SS ne ee ee oe ae ae 0 | 0 pe ers 14 
After preincubation with | | | | | | | 
salivat...... 2 Jeee a. oe ae oe oo ee 
In presence of glucose- 1. | | 
PO,§ after preincubation| 
with saliva............. 4/2]|0/| 0 fo oe) ee) ade hs 


2 : Just prior te incubation 3 in ni eabaiving medium. 

¢ Incubation for 18 hours in basal solution + 2.3 mm of Ca and 1.6 mm of inorganic 
r: 

t Preincubation for 45 minutes. See the text for details. 

§ 3.2 mm of glucose-1-phosphate. 


TasBLe VII 


Effect of Incubation in Saliva (As Source of Amylase) on Glycogen Content and on 
Strontium Deposition in Cartilage in Vitro 





Glycogen content* Strontium depositiont 











Procedure - 
o [+ [2+[s+[44+] 0 | + [2+] 3+ 4+ 
? ’ oe }—|—|—- + i 8 
Control . ey i Eve eee ce Te ee ae ee 
After preincubation with: | | | | | | 
galival......... | 3 3 | 0 0 0 | 3 3 0 0 0 


In presence “at glucose- ‘| 
PO.§ after preincubation 
Witt @aliva..........:.| 4 2 0 0 0 | 0 0 2 4 0 


* Just prior to incubation in calcifying medium. 

+ Incubation for 18 hours in basal solution + 3.0 mM of Sr and 5.8 mm of inorganic 
P. 

¢ Preincubation for 45 minutes. See the text for details. 

§ 3.2 mm of glucose-1-phosphate. 


The technique for staining glycogen in surviving cartilage slices afforded 
a more direct approach to the problem of the relationship of glycogen to 
mineralization of epiphyseal cartilage. It was consistently observed that 
the glycogen-containing portion of the cartilage, as revealed by this stain- 
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ing procedure, corresponded closely to the zone of subsequent mineraliza- 
tion. 

Bone slices were stained for glycogen prior to and following a 45 minute 
exposure to saliva as a source of amylase. This procedure resulted in a 
marked diminution in the glycogen-staining area (Tables VI and VII). 
After incubation of such amylase-treated slices in a calcifying or strontify- 
ing solution, virtually no Ca or Sr deposition occurred. However, after 
incubation of such bone slices in similar calcifying or strontifying solution 
containing 1.6 mm of inorganic phosphate to which 3.2 mm of glucose-1- 
phosphate had been added, Ca and Sr deposition did occur, comparable in 
extent to that of the control slices (Tables VI and VII). 


DISCUSSION 


The technique described for the study of Ca and of Sr deposition in 
cartilage in vitro appears preferable to that of Gutman and Yu (4). Its 
advantages are reflected in the more consistent maintenance of the pH of 
the incubation solution and the more uniform results with respect to the 
extent of Ca and of Sr deposition in the bone slices. 

The demonstration that Sr can be deposited in epiphyseal cartilage in 
vitro confirms the earlier observations of Robison and Rosenheim (17). 
It was found, however, that Sr deposition is more variable than that of Ca. 
Further, a somewhat higher concentration of Sr (3.0 mm) than of Ca (2.3 
mM) and a higher concentration of P (5.8 mm as compared with 1.6 mm) 
were required for maximal mineralization under the present experimental 
conditions. The higher concentrations of Sr and P requisite for deposition 
as compared with Ca are in conformity with the observations of Robison 
et al. (18). 

The importance of phosphorylative glycolysis for the deposition of Ca 
in cartilage in vitro was inferred, in part, from the inhibitory effect of 
phlorizin and of iodoacetamide. In this respect our data are in agreement 
with the observations of Gutman ef al. (11). Although the actions of 
phlorizin and iodoacetamide as enzyme inhibitors are not specific, phos- 
phorylative glycolysis is included in those reactions which both do inhibit 
(12, 18, 15). The inhibition of Sr deposition by phlorizin and by iodoacet- 
amide, although not as pronounced, would indicate that glycolytic mech- 
anisms may also play a réle in the deposition of this cation in cartilage 
in vitro. 

Further evidence for the réle of phosphorylative glycolysis may be fur- 
nished by the observations that the inhibition of calcification by phlorizin 
could be overcome by the addition of certain phosphate esters in the gly- 
colytic cycle (11). This has now been confirmed with respect to glucose-1- 
phosphate for Ca deposition and has been shown to be true for Sr deposi- 
tion. However, reservations may be expressed as to whether these latter 
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experiments have been adequately controlled. It has been found impos- 
sible to raise the concentration of inorganic P in the control media to the 
combined P concentration represented by the glucose-l1-phosphate and in- 
organic P in the solutions in which Ca deposition occurred in the presence 
of phlorizin. In this connection it is also of interest that phlorizin and 
iodoacetamide inhibition was shown by Gutman and Yu (4) to be overcome 
by the addition of phosphate esters not in the glycolytic cycle, such as 
B-glycerophosphate and phenyl phosphate. Hence, the results obtained 
with phlorizin and iodoacetamide cannot necessarily be used in support of 
the concept that deposition of mineral salt in hypertrophic cartilage is 
mediated through phosphorylative glycolysis. On the other hand, the 
available data do not exclude this possibility. 

More direct evidence for the relationship of glycogen to calcification and 
to strontification is provided by the observations with the glycogen-staining 
technique. It is evident that the removal of glycogen from cartilage by 
the action of amylase markedly interfered with mineralization. Although 
the occurrence of Ca and of Sr deposition upon the addition of glucose-1- 
phosphate to such preparations would appear to support the essential réle 
of phosphorylative glycolysis, this inference must be tempered for the 
present by the reservations expressed above. 

That oxidative processes do not play an essential rdle in Ca or Sr deposi- 
tion is indicated by the failure of cyanide, in concentrations of 0.01 m, to 
inhibit calcification or strontification of cartilage in vitro. The findings 
with cyanide are at variance with the results of Gutman and Yu (4). They 
are, however, consistent with the observations that calcification of cartilage 
in vitro can occur in an anaerobic medium and is not inhibited by azide 
(19). 

Recently Goldenberg and Sobel (20) have confirmed the finding that 
CN— exerts no detectable inhibitory effect on Ca deposition. These in- 
vestigators have also confirmed the observations of Robison and Rosen- 
heim (17) that CN— interferes with calcification when certain concentra- 
tions of magnesium are added to the incubation medium. They interpret 
these data as indicating that Mg must be present in the medium for CN— 
to exert an inhibitory effect on calcification. This concept, however, over- 
looks the Mg normally present in cartilage in amounts 4 times that in 
serum (21). A more specific objection to this interpretation is to be found 
in the data of these (20) and other investigators (22) which demonstrate 
that Mg in the concentrations used, per se, inhibits calcification. 


SUMMARY 


1. A technique is described for study of the deposition of calcium and of 
strontium in vitro in epiphyseal cartilage of rachitic rats. 
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\S- 2. The deposition of both strontium and calcium in vitro occurs in the 
he zone of hypertrophic cells of the epiphyseal cartilage plate. 

n- | 3. Phlorizin and iodoacetamide inhibit calcification and strontification 
ce of cartilage 7 vitro. 

nd 4, The use of a technique for staining glycogen in surviving cartilage 
ne provides further evidence for a relationship between glycogen and calcium 
as and strontium deposition in cartilage in vitro. 
ed 5. Cyanide does not inhibit either calcium or strontium deposition in 
of cartilage in vitro; hence, oxidative processes cannot be assigned an indis- 
is pensable réle in the deposition of these cations. 
the 
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EFFECTS OF INHIBITORS ON CALCIUM DEPOSITION IN 
CARTILAGE IN VITRO* 
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(From the Russell Sage Institute of Pathology, the Department of Medicine, Cornell 
University Medical College, and The New York Hospital, New York, New York) 


(Received for publication, March 4, 1953) 


The presence of enzymes in epiphyseal cartilage has long been recognized, 
but their réle in the process of calcification remains unsettled. Phospha- 
tase (1-3), phosphorylase (4), and glycolytic activity (5, 6) have been demon- 
strated in epiphyseal cartilage. Recent work suggests that mineralization 
of epiphyseal cartilage is related to the glycogen in the zone of hypertrophic 
cells of the epiphyseal cartilage plate (7, 8) and to phosphorylative gly- 
colysis (6, 9). Available evidence indicates that cartilage has a low con- 
tent of oxidative enzyme systems (10-12). 

In the accompanying paper (9), the relation of glycogen and of phos- 
phorylative glycolysis to the deposition of bone salt in preosseous cartilage 
was considered. The present study was undertaken in an effort to eluci- 
date further the nature of the process of calcification of epiphyseal carti- 
lage in vitro, with particular attention to the réles of oxidative systems and 
of alkaline phosphatase. 


Methods 


The methods employed in these studies were described in detail in the 
preceding paper (9). 

In essence, contiguous slices of the tibiae and femora of mildly rachitic 
male rats were incubated for 18 hours at 37° in a Warburg bath. The 
incubation medium consisted of a basal salt solution containing 70 mM of 
NaCl, 5 mm of KCl, 22 mm of NaHCOs, 2.4 mm of calcium as CaCle, and 
phosphorus, 1.6 mM as inorganic phosphate, or 3.2 mm as phosphoric ester. 
When inhibitors were employed, they were first brought into solution by 
addition of dilute acid or alkali to pH 7.3 to 7.4. During the period of 
incubation the solutions were gently shaken and were in equilibrium with 
an atmosphere of 95 per cent O2-5 per cent COs or, where noted, 95 per 
cent N2-5 per cent COs, providing a constant pH of 7.3 to 7.4. When an- 
aerobic conditions were employed, the medium was aerated with 95 per 
cent No-5 per cent CO: for 20 minutes prior to incubation to reduce to a 


* Supported by a grant from the National Institutes of Health, United States 
Public Health Service. 
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minimum the oxygen content. Following incubation, the bone slices were 
stained by a silver nitrate technique and examined for newly deposited in- 
organic salts in the epiphyseal cartilage. The extent of calcification was 
graded on a scale of 0 to 4 +, as described in the preceding paper. 

Inorganic P determinations were carried out by the method of Fiske and 
Subbarow (13). 


Results 


Effect of Temperature—The effect of varying the incubation temperature 
upon calcification of cartilage in vitro was studied. Calcification after incu- 
bation for 18 hours at 37° was uniformly 3 + to4 + (Table I). Calecifi- 
cation after 18 hours of incubation at 25° was markedly impaired. Pro- 


TaBLeE [ 
Effect of Temperature on Calcification of Cartilage in Vitro 














37° | 25° 3 
Extent of calcification® | eel 
hrs. | 72hrs. | 8hrs. | 72hrs. | 18 hrs. 72 brs. 
= is — was . —— Seliteteaiencteliin | = ws | 
4+ 49 | 12 | 0 | 0 0 } 0 
+ a oe | Pe ae 0 
ie 4 | ie 3 | - |} 0 0 
+ 0 0 | on 0 0 
0 | 1 0 10 1 12 6 
No. of experiments. | 64 169 2oi}e VLG 6 12 6 


* Incubation medium, basal solution + 2.4 mm of Ca, 1.6 mm of inorganic P. 
Crystalline sodium penicillinate, 25 units per ml., added to the medium in all experi- 
ments. 


longing the period of incubation at this temperature to 72 hours resulted in 
some increase in the degree of bone salt deposition. No calcification oc- 
curred at 3°, even after 72 hours of incubation (Table I).! 

Bone slices placed in distilled water or basal salt solution at 65° for 1 
hour and then incubated in the usual calcifying medium for 18 hours 
showed no evidence of calcification. When the bone slice, following heat- 


1 Because of the increased solubility of carbon dioxide at 3°, a modification of the 
method was introduced in these experiments. The Erlenmeyer flask was filled to the 
top with the incubation solution, and the bone slice was introduced. Following 
adjustment of the pH to 7.4 with a 95 per cent O2-5 per cent CO. mixture at room 
temperature, a tight fitting rubber stopper was used to close the flask. The excess 
solution was displaced from the flask by the stopper, and the air space was thereby 
reduced to a minimum. In this way the pH of the medium after 18 to 72 hours at 
3° was kept between 7.15 and 7.3. 
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ing at 65°, was incubated in the medium described by Waldman (14), 
which contains 1 mm of Ca and 20 mo of P, no mineralization was noted, 
and a flocculent white precipitate appeared in the incubation solution. 

Oxygen Requirements—Incubation carried out in an atmosphere of 95 per 
cent N2-5 per cent CO: resulted in no significant difference in calcification 
from that seen after incubation in an atmosphere of 95 per cent O2-5 per 
cent COs. In twenty-two experiments carried out in 95 per cent O2-5 per 
cent COs, seventeen bone slices showed 4 + and five slices 3 + calcification. 
Of twenty-two slices incubated in 95 per cent N2-5 per cent COs, sixteen 
showed 4 +, five 3 +, and two + calcification. 

Agents Inhibiting Aerobic Processes—Sodium azide in concentrations of 
1.7 X 10-* m and above is known to inhibit not only cytochrome oxidase, 
but aerobic phosphorylation as well (15). In ten experiments with 107? 
M azide, calcification was not inhibited. In six studies with 10—! m azide, 
the effect on calcification was variable; two slices showed 4 +, two 2 +, 
and two + calcification. 

Sodium malonate 10-? m, which inhibits succinic dehydrogenase (16), 
did not interfere with calcification in eighteen studies. 

Agents Interfering with Aerobic Phosphorylation—Unlike most inhibitors 
of aerobic phosphorylation, 2,4-dinitrophenol (DNP) in concentrations as 
low as 10- m has been shown to exert its inhibitory effect on the regenera- 
tion of high energy phosphate bonds without a concomitant depression of 
respiration (17, 18). DNP in concentrations varying from 2 X 10-° M to 
10-* m had no discernible effect on calcification in the presence of inorganic 
P in thirty experiments. Calcification in the presence of ester P was like- 
wise unaffected by 10-* m DNP. 

Agents Inhibiting Alkaline Phosphatase—t-Histidine in concentrations of 
0.002 m to 0.003 m has been shown to exert approximately a 50 per cent in- 
hibitory effect on the activity of bone alkaline phosphatase (19). In ex- 
periments in which phosphoric ester was used in place of inorganic P as a 
source of P in the incubation medium, 0.002 m tL-histidine led to a slight 
inhibition of calcification of cartilage in vitro. Very marked inhibition oc- 
curred with 0.01 m and higher concentrations of the amino acid (Table IT). 
On the other hand, when inorganic P was present in the incubation solu- 
tion, interference with calcification was not observed until the concentra- 
tion of L-histidine was raised to 0.05 m (Table IT). 

Beryllium salts have been shown to interfere markedly with the activity 
of several alkaline phosphatases (20, 21), including that of cartilage homog- 
enates (22). Complete inhibition of calcification of epiphyseal cartilage 
was effected by 10-4 m beryllium (as sulfate), when the incubation medium 
contained ester P without inorganic P (Table III). Indeed, as little as 10-® 
M beryllium had a considerably adverse effect on calcification under these 
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conditions. As was noted with L-histidine, however, very much higher 
concentrations of beryllium (10-* M) were required in the presence of inor- 
ganic P before interference with calcification could be detected. Several 


TaBLe II 


Effect of u-Histidine on Calcification of Cartilage in Vitro in Presence of Various 
Sources of Phosphorus 





| | 





























| Inorganic P 1.6 mm* | B-Gly ecoemageete dno bmn dighoe 
| | 3.2mm* | 3.2 mM* saa 
| | | 
Extent of ———— — —————$———— 
calcification Concentration of t-histidine 
Sateiot (op eeeloc) tere. tere St | ie 
o18is/3/8/°/ 8) s/s) 8)°/8)s|°/8)s)e 98s 
s|so|sic |sis}s|s) jele] |e|sl(e] [Sls 
j | j | | er 
44 28/8 25/0 | 0 [26/0 | 0 ol0/ 4/2 0 ls | 6 0/0/60) 0 
3+ 1/4/3|2)0)23|5) 4 0)0/2 2 0/2) 2)1/0 3} 4/0 
2+ 1/0/0|7/0/2|5j18 2}o/ol1}o/1/3 8|0/1/2/0 
+ 0)/0/0)3/0)0/1)6)6,/0)0/1)1)0/0)3)/0) 2 2)3 
0 0/0/0/0)6)0)1 M1 19} 6) 0/0 5/0 | 0 2/8|01/9 
||} — || — ||| | | - |---|} I I- 
No. of exper- pe PP 8 | | | 
iments. ..../30 [12 |28 12 | 6 51 12 39 27 | 6 | 6| 6 6 {18 |11 [14 | 8 j12) 9 j12 























* The incubation medium also contained basal salt solution and 2.4 mm of Ca. 
Incubation at 37° for 18 hours. 


TaBLeE III 


Effect of Beryllium on Calcification of Cartilage in Presence of Various Sources 
of Phosphorus 
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* The incubation medium also contained basal salt solution and 2.4 mm of Ca. 
Incubation at 37° for 18 hours. 
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organic phosphates, including §-glycerophosphate, glucose-1-phosphate, 
hexose diphosphate, and phenyl phosphate, were employed in the studies 
with L-histidine and beryllium. The inhibitory effect of both agents upon 
calcification when ester P was the sole source of P in the incubation solution 
seemed constant, irrespective of the ester employed. 

A flocculent precipitate appeared in the incubation medium containing 
inorganic P to which 10-* m beryllium had been added. This suggested 
that the interference with calcification noted under these conditions may 
have been attributable to a removal of P from solution by the formation 
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Fic. 1. Effect of u-histidine on inorganic phosphate liberation from 3.2 mm of 
8-glycerophosphate by the rachitic rat bone slice. 


of a phosphate complex. No calcification occurred, however, when carti- 
lage slices were pretreated for 30 minutes at 37° in basal salt solution con- 
taining 10-* m beryllium, washed several times in beryllium-free salt so- 
lution, and then incubated for 18 hours in the inhibitor-free calcifying 
medium. (Control bone slices incubated in basal salt solution for 30 min- 
utes prior to the 18 hour incubation in the calcifying medium showed 3 + 
to4 + mineralization.) In such experiments no precipitate was observed. 
Hence, the inhibition noted under these conditions cannot be ascribed to 
a removal of P. 

After 18 hours incubation of the cartilage slice in a calcifying medium 
which contained 3.2 mm of ester P but no inorganic P, the medium was 
found on analysis to contain between 1.8 and 2.6 mm of inorganic P. It 
was anticipated that, in media containing t-histidine or beryllium in 
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amounts inhibiting calcification, an appreciable reduction would be noted 
in the amount of inorganic P liberated from ester P during 18 hours. Such 
was the case in the presence of 0.03 m and higher concentrations of L-his- 
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Fig. 2. Effect of u-histidine on the rate of inorganic phosphate liberation from 3.2 
mo of 6-glycerophosphate by the rachitic rat bone slice. 
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Fia. 3. Effect of beryllium on inorganic phosphate liberation from 3.2 mm of 6- 
glycerophosphate by the rachitie rat bone slice. 


tidine. With 0.01 m L-histidine, however, an amount adequate to inter- 
fere markedly with calcification of cartilage, there was as much inorganic 
P liberated from ester P as in the absence of t-histidine (Fig. 1). Inor- 
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ganic P levels of media containing 0.01 m L-histidine were then determined 
at intervals throughout the period of incubation. Although the inorganic 
P concentrations at 18 hours were equal to the controls, a lag in the rate of 
P liberation from phosphoric ester was consistently observed during the 
first 6 hours of incubation (Fig. 2). Such a delay may explain the inhibi- 
tory effect on calcification noted with this concentration of the amino acid. 

When beryllium was employed as an inhibitor of calcification, no dimi- 
nution in inorganic P formation from ester P could be detected at 18 hours 
(Fig. 3). Furthermore, no such delay in the rate of inorganic P liberation, 
as was noted with 0.01 m L-histidine, was observed in the presence of 10 * m 
beryllium (Fig. 4). The possibility that the inorganic P detected after 
incubation in such experiments had diffused out from the bone slice or was 
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Fia. 4. Effect of beryllium on the rate of inorganic phosphate liberation from 3.2 
mm of B-glycerophosphate by the rachitic rat bone slice. 


liberated by some factor other than cartilage phosphatase was explored. 
Experiments in which P was omitted from the incubation medium revealed 
that no measurable P left the bone slice during the period of incubation. 
In addition, no release of inorganic P from ester phosphate could be de- 


tected in the calcifying solution after incubation in the absence of the bone 
slice. 


DISCUSSION 


That certain concentrations of Ca and of P in the incubation medium are 
required for calcification is clear (23). Robison (1) and Shipley (24), how- 
ever, over 25 years ago independently postulated that more than a precipi- 
tation of bone salt is involved in the process of calcification. The studies 
reported here strengthen the hypothesis that enzyme activity is essential 
under the conditions of our experiments for the deposition of bone salts in 
endochondral cartilage in vitro. 


The interference with calcification as the temperature of the incubation 
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solution is decreased is consistent with an enzymatic reaction. This in- 
terpretation must be qualified, however, by a recognition that less precipi- 
tation of minerals would occur at lower temperatures, even if this process 
were strictly a physicochemical one, because of the negative temperature 
coefficient of solubility of certain Ca salts. On the other hand, the failure 
of the cartilage slice to calcify after it had first been heated for 1 hour at 
65°, an observation at variance with work reported by Waldman (14), 
would favor the concept that enzymatic mechanisms are involved during 
calcification of epiphyseal cartilage in vitro. 

Calcification of cartilage in vitro in an anaerobic medium and the failure 
of cyanide (10), azide, and malonate to inhibit this process imply that oxi- 
dative systems are not required. Similarly, the failure of 2 ,4-dinitrophe- 
nol and of sodium azide to interfere with calcification in vitro suggests that 
aerobic phosphorylation is also not essential. 

Although alkaline phosphatase has been demonstrated in those areas of 
cartilage which subsequently calcify (2, 3), the réle of this enzyme in cal- 
cification remains to be defined. A dephosphorylating function is sug- 
gested by the inhibition of calcification by relatively small amounts of 
L-histidine and beryllium in the presence of organic P. On the other hand, 
it was noted that higher concentrations of these inhibitors interfered with 
calcification, even in the presence of inorganic P. Whether the higher con- 
centrations of beryllium and t-histidine exert an effect on an enzyme other 
than alkaline phosphatase or on a possible function of alkaline phosphatase 
other than that of dephosphorylation cannot be answered at present. In 
regard to the second possibility Meyerhof and Green (25) have shown that 
at least one variety of phosphatase, that of intestinal origin, can mediate a 
transphosphorylation reaction. 

The observations with L-histidine and beryllium are difficult to reconcile 
with the concept that phosphorylative glycolysis is involved in the process 
of endochondral calcification. This theory implies that before inorganic P 
is deposited as bone salt it must traverse the glycolytic cycle. Hence, it 
would be transformed during such a passage into the several phosphoric 
esters in the cycle, including glucose-1-phosphate and hexose diphosphate. 
In such an event, one would anticipate that any agent which interferes with 
calcification in the presence of these phosphoric esters would exert a simi- 
lar adverse effect in the presence of inorganic P. In our studies, however, 
a profound inhibition of calcification in the presence of phosphoric esters, 
including glucose-1-phosphate and hexose diphosphate, was effected by con- 
centrations of t-histidine and beryllium which had no discernible effect 
upon calcification in the presence of inorganic P. 

The failure of beryllium to effect a diminution in ester P hydrolysis by 
the cartilage slice simultaneous with its profound inhibition of calcification 
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remains unexplained. The possibility that beryllium may exert its inhibi- 
tory effect on calcification in vitro through some action other than one on 
phosphatase must be considered. 


SUMMARY 


1. Calcium deposition in epiphyseal cartilage in vitro is influenced ad- 
versely by both high and low temperatures. 

2. The failure of 2,4-dinitrophenol, anaerobiosis, azide, and malonate to 
interfere with endochondral calcification in vitro suggests that this process 


is not dependent upon either aerobic phosphorylation or other oxidative 
processes. 


3. Alkaline phosphatase activity is required for calcification, at least 
when phosphorus is made available in the calcifying medium only as phos- 
phoric ester. 


4, Under the conditions of the present study, calcium deposition would 
appear to be dependent upon enzymatic processes. 
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The metabolic fate of acetate has been studied in a number of photosyn- 
thetic organisms (1-9). Only a limited amount of work has been done on 
the rdle of acetate in the metabolism of the algae (5) and the present work 
was undertaken to study the metabolism of C'-acetate by the blue-green 
alga Nostoc muscorum. Both carboxyl- and methyl-labeled acetate were 
used and the algae were studied under a variety of conditions, in the dark 


and in the light, with and without carbon dioxide, and anaerobically or 
aerobically. 


Methods 
Culturing of N. muscorum 


The algae were grown in pure cultures at a light intensity of approxi- 
mately 250 foot candles in a continuous culture apparatus similar to that 
described by Benson et al. (10). Aeration was provided by a mixture of 
2 per cent carbon dioxide in air. The nutrient medium was a modified 
Chu Medium 10 solution (11) and contained the following (in mg. per 
liter): Ca(NOs3)2-4H2O, 115; K2zHPO,, 10; MgSO,-7H20, 25; Na2COs, 20; 
Na2SiOs, 25; ferric citrate, 3; citric acid, 3; H;sBOs, 1.4; MnSQ,-H,0, 1.1; 
ZnCle, 0.05; CuS0O,-5H,20, 0.04; H.MoQ,:-H.0, 0.01. 

The algae were harvested by centrifugation (5°) at 530 X g for 20 min- 
utes. The packed cells were resuspended and washed twice with the solu- 
tion that was subsequently used in the assimilation experiment. In all the 
assimilation experiments the Chu Medium 10 growth solution was modified 
by substitution of 1.3 mg. per liter of FeCl;-6H.O for the ferric citrate and 
the citric acid. In the assimilation experiments to be carried out in the 
absence of CO», sodium carbonate was omitted from the resuspending 
medium. 


Feeding Procedures 


Suspensions containing 1.25 ml. of packed cells per 100 ml. of suspension 
fluid were placed in a water-cooled (25° + 1°) “lollipop” (10) and aerated 
in the dark for 15 minutes with nitrogen. Following this preexperimental 

* This work was supported by the Charles F. Kettering Foundation. 
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period 20 ue. (in 0.2 ml. of water) of 1- or 2-C-labeled sodium acetate 
(Tracerlab, Inc., Boston, Massachusetts, 1 curie per mole) were rapidly 
injected into the suspension from a hypodermic syringe at time zero. This 
was followed by light or dark exposure periods with appropriate aeration 
as described in the experimental section. 

10 ml. aliquots of the suspension were periodically removed and dis- 
charged into 4 ml. of glacial acetic acid. These samples were submitted 
to a water-pump vacuum (30 mm. of Hg) for at least 10 minutes to re- 
move C“Q».!_ 1 ml. aliquots of the algal suspension which had been killed 
with acetic acid were evaporated to dryness on aluminum planchets (3 
cm. inside diameter) and counted in a Nuclear Measurements Corporation 
gas flow proportional counter (50 per cent geometry plus back-scattering). 
The average of the readings from three planchets was used to calculate the 
percentage of total C" fixed in the algae. 

In most of the experiments, the aerating gases were passed through 10 
per cent sodium hydroxide to remove the CO». The resulting carbonate 
was converted to barium carbonate and assayed for radioactivity by pre- 
paring planchets as described for the algal suspensions. These data were 
used to calculate the evolved C“O, as a percentage of the C™ originally 
added. 


Chromatographic Procedures 


80 per cent alcohol extracts of algae were prepared at the end of an ex- 
periment by discharging the suspensions into boiling alcohol. 1 gm. of 
Celite was added, the solution was filtered, and the extract then concen- 
trated at room temperature or below to a volume of 1.25 ml. Aliquots 
(0.01 to 0.05 ml.) were applied in 2.5 ul. increments te sheets of What- 
man No. 1 filter paper 18 inches square. The two-dimensional chromato- 
grams were developed by ascending chromatography at room temperature 
first with water-saturated phenol and then with butanol-propionic acid- 
water (10:5:7 by weight). Autoradiograms were obtained by exposures 
of “no screen” x-ray film to the chromatograms for periods up to 6 
months. 


Results 


Pertinent data from twenty-five experiments are summarized in Table 
I. Each experiment represents comparisons made simultaneously on ace- 


1The CO. residue in the reaction mixture was not collected. The error thus 
introduced into the measurement of ‘‘evolved C'4O.”’ was estimated from a separate 
experiment. At least for experiments involving aeration with CO:2 the evolved C'O» 
must have been at least 80 per cent of the CO: released into the medium. In any 
case, except for order of magnitude, the figures for evolved C'Oz are intended pri- 
marily for internal comparison. 
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TABLE I 
Acetate Utilization by N. muscorum 
te Algal suspensions were given a preexperimental period of 15 minutes of nitrogen 
lly aeration in the dark. 20 uc. of C-labeled acetate added and suspensions treated 
his as described in the second column. 
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TaBLE I—Concluded 





| { 


Fixation rate ratios 











Experi- | : — en ee 

— | Experimental conditions’ [Ci fied COs | — "on | cor | Light 
| | NoOz | NoCOz2 | Dark 
| | per cent per cent | Bog podapol «| 
| | | 

23-C | C, D,N | 8.7 2.4 | | 

24-A | M,L,O, CO: | 33.4 1.50 | 14.6 | | 5.8 

4B) “ « « |} 7.0/0.0 | 25 | | 

25-A | SoD COs. °| 1074 0.11 3.1 0.9 

| ees | 10.7 | 0.28 3.3 | 








*M, methyl-labeled acetate; C, carboxyl-labeled acetate; L, light fixation; D, 
dark fixation; O, 20 per cent O2 in N2 used as aerating gas; N, Nz without O2 used as 


aerating gas; COs, fixation in medium containing sodium carbonate and with 2 per 


cent CO, included in the aerating gas (absence of the symbol COz indicates that 
sodium carbonate and CO, were both omitted). 

+ Estimated from observed counts per second on 60 minute samples. 

t The fixation rates were determined from the slope of the fixation rate curves 
over the interval of 16 to 60 minutes. 

§ The additional ratios listed are from duplicate runs for which other data are 
omitted. 


tate utilization under two or three conditions with aliquots of single algal 
suspensions. Comparisons are most valid within an experiment rather 
than between experiments because of the day to day variations in physio- 
logical activity of the algae. In each experiment four samples were taken 
at different times (6, 16, 30, and 60 minutes) from each suspension to per- 
mit the establishment of a fixation rate curve. The 16 to 60 minute time 
interval was the most satisfactory for calculation of the fixation rate curve. 
Comparisons are reduced to fixation rate ratios as shown in Table I. 

Comparison of Fixation Rates of Carbonyl- and Methyl-Labeled Acetates— 
The data in Table I indicate that there is no difference in fixation rates of 
carboxyl- or methyl]-labeled acetate. The rates were compared under aero- 
bic and anaerobic conditions, with or without carbonate, and in the light 
or dark. For each experimental condition, the ratio was close to 1.0; the 
average of sixteen such experiments was found to be 1.0. In those experi- 
ments in which the evolved CO, was collected, the carboxyl-labeled acetate 
consistently yielded about twice as much C-labeled CO, as did the methy]- 
labeled acetate. 

Autoradiograms made of the paper chromatograms to show the distribu- 
tion of C™ in the aleohol-soluble constituents of Nostoc after acetate feeding 
were similar under all conditions to that shown in Fig. 1. The major part 
of the activity was found in the lipide fraction, glutamate, and three nin- 
hydrin-negative carboxylic acids. This is to be compared to the distribu- 
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tion of C™ in the alcohol-soluble constituents fed C'-carbonate in strong 
light for 30 minutes (Fig. 2).2. Under these conditions, the distribution of 
C™ in the alcohol-soluble constituents of Nostoc is similar to that which 
; ae has been described for other photosynthetic organisms (10). The acetate- 
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tl gas during the assimilation wus 2 per cent CO in air. 
1€ 
yeri- fed algae did not show any radioactivity in the regions of the chromato- 
tate gram where sugars and phos norylated glycolytic intermediates are found. 
hyl- Fixation of Acetate under Aerobic or Anaerobic Conditions—Experiments 
17, 18, 19, and 20 (Table 1) permit a direct comparison of the effect of 
ibu- oxygen on the fixation rate of acetate. There appears to be no significant 
ling difference in fixation rates under the two sets of conditions. 
yart aoe , P . . F 
| : * Except for the reaction time and the use of 20 ue. of C'4-labeled sodium bicar- 
nin- bonate in place of acetate, the procedures for assimilation and chromatography were 
‘ibu- exactly as described for anaerobic acetate fixation in the absence of COs. 
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Fixation of Acetate in Presence or Absence of Carbonate—That the pres- 
ence of carbon dioxide has a profound influence on the fixation rate of 
acetate is demonstrated in Experiments 21, 23, 24, and 25 (Table I). The 
fixation rate was approximately 5 times as high under conditions that per- 
mitted the Nostoc to photosynthesize in the presence of CO», and light. 
In the dark, CO: had no influence on the fixation rate of acetate. 
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Fig. 2. Distribution of C' in alcohol-soluble metabolites of N. muscorum fed 
C'4-carbonate in strong light for 30 minutes. The aerating gas during the assimila- 
tion was nitrogen. 


Fixation of Acetate in Light or Dark—Experiments 8, 15, and 23 permit 
a direct comparison of the influence of light on the fixation rate of acetate. 
In the presence of COs, light increased the fixation rate between 3.5 and 
5 times over that in the dark. 
DISCUSSION 
These studies show that there is no difference in the fixation rate (be- 
tween 16 and 60 minutes) of carboxyl- or methyl-labeled acetate in Nostoc 
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grown in the dark or in the light, with or without carbon dioxide, and 
aerobically or anaerobically. There is some indication that carboxyl-la- 
beled acetate led to an increased amount of C“O: that was trapped from 
the aerating gas, but, in the absence of specific information about the 
metabolic pathways by which this C™ arose, the significance of this ob- 
servation is unknown. 

Van Niel (1, 4) has shown that, during the dark, aerobic oxidation of 
acetate by Rhodospirillum rubrum, approximately one-half of the acetate 
was dissimilated to CO: while the balance was stored as cellular constitu- 
ents. The same distribution of label in the carbonate and cell material 
was obtained starting with either carboxyl- or methyl-labeled acetate. 
The results with Nostoc are in substantial agreement with those found 
with R. rubrum in so far as the equivalence of carboxyl and methyl groups 
of acetate are concerned but considerably different with respect to the 
relative amounts of CO. released and C" fixed. The amount of CO, 
evolved was generally less than 10 per cent of that of C" fixed by the al- 
gae. 

Several investigations with R. rubrum have shown that, under certain 
conditions, the metabolism of carboxyl- and methyl-labeled acetate differs. 
Kamen et al. (6) reported that, if R. rubrum anaerobically photodissimilated 
acetate, the methyl carbon was found in the insoluble cell fraction while a 
large portion of the carboxyl carbon appeared as carbonate. Dark, aerobic 
oxidation of methyl-labeled acetate resulted in the evolution of labeled COz. 
Cutinelli et al. (9), in a study of the metabolism of C-labeled acetate with 
R. rubrum growing anaerobically in light, reported that about one-half of 
the total carbon of the bacterial protein came from the methyl group of 
acetate, roughly one-fourth from the carboxyl group, while about one-tenth 
came from the bicarbonate in the medium. 

The studies with Nostoc have shown that the fixation rate of acetate is 
greatest under conditions permitting concurrent photosynthesis (light and 
CO). In the absence of either or both CO, and light, the fixation rate of 
acetate is greatly decreased. The chromatographic study of the distribu- 
tion of radioactivity in the alcohol-soluble constituents of Nostoc indicated 
that, under all conditions of assimilation, the carbon from acetate was 
found primarily in the lipides, glutamate, and carboxylic acids. The ab- 
sence of radioactivity in the sugars and the phosphorylated glycolytic inter- 
mediates indicates that despite the greater acetate fixation during photo- 
synthesis (a) the acetate does not appear to be closely related to the 
2-carbon precursor of phosphoglyceric acid, and (b) a negligible fraction of 
the COz fixed during photosynthesis was derived from either carbon atom 
of the acetate molecule. 

These results are similar to those noted by Calvin et al. (5) who found 
with Scenedesmus that, under dark, aerobic conditions, the label from 1-C*- 
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acetic acid appeared in succinic, malic, and citric acids but not in the phos- 
phorylated esters. In the light, whether CO2 was present or not, acetate 
was converted to fats in addition to the tricarboxylic acid cycle interme- 
diates, and only a small fraction was converted to sucrose or its precursors. 
With Nostoc, lipides were found to be labeled under all assimilation condi- 
tions. 

Glover et al. (7) showed that, when labeled acetate was photometabo- 
lized by R. rubrum in the presence of COs, the label was subsequently 
found predominantly in the lipide fraction. No labeling was to be found 
in the phosphate esters and acetate did not appear to be related to the 
2-carbon precursors of phosphoglyceric acid. Similar conclusions can be 
drawn from the Nostoc experiments. 


SUMMARY 


1. There is no difference in the fixation rate by Nostoc muscorum of 
acetate labeled in either the carboxyl or methyl groups. 

2. The rate of assimilation of acetate is greatly increased by concurrent 
photosynthesis. In the absence of light, of COs, or both, acetate is fixed 
at a low rate. 

3. Under any conditions of assimilation, in the light or in the dark and 
with or without COs, the label from acetate is fixed primarily in lipides, 
glutamate, and carboxylic acids. Acetate is not closely related to the 
2-carbon precursors of phosphoglyceric acid. 


The authors wish to thank Miss Linda Simpson for assistance in making 
the radioactive determinations in this work and Arthur J. Tomisek and 
G. R. Noggle for suggestions in the preparation of the manuscript. 
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(Received for publication, February 12, 1953) 


There is considerable evidence (1-3) to suggest that a major pathway of 
choline metabolism in the animal is via a series of oxidative steps, 


Choline — betaine aldehyde — betaine 


and that it is betaine which serves as the immediate donor of methyl 
groups in transmethylation reactions. In view of an earlier finding that 
betaine was readily demethylated to glycine in the rat (4), it was considered 
of interest to compare injected isotopic choline and betaine as precursors 
of the glycine moiety of hippuric acid in the intact animal. The present 
finding that betaine and choline were indeed efficient precursors of glycine 
led to the inclusion of dimethylethanolamine among the compounds stud- 
ied, in view of the fact that du Vigneaud et al. (5) had suggested that this 
compound might be “the principal demethylation product of choline” in 
the rat. The technique employed was based on that of Shemin (6) who 
had compared a variety of substances with respect to their capacities to 
yield glycine under these circumstances. 

An alternative fate of choline is suggested by the findings of de la Huerga 
and Popper (7) who recovered as much as two-thirds of the choline nitrogen, 
fed to patients with hepatobiliary disease, as urinary trimethylamine and 
trimethylamine oxide. A 2-carbon residue might well arise from this re- 
action. Alternatively glyoxylic acid might arise from the glycine oxidase- 
catalyzed oxidation of sarcosine (8) derived in turn from the partial de- 
methylation of betaine. Reamination of such a 2-carbon fragment might 
regenerate glycine, and indeed glyoxylic acid has been observed to serve as 
a precursor of glycine carbon in the rat (9). Choline labeled with C™ in 
the ethanolic residue as well as with N™ has been therefore employed. 
Glycine arising from such choline by the latter mechanisms would exhibit 
greater dilution with respect to N™ than to C™, whereas in glycine formed 
via demethylation of betaine, both isotopes would be equally diluted. 

One of the reported effects of aminopterin poisoning is an inhibition of 
choline oxidase activity. This has been demonstrated in a variety of tissue 


* Present address, Schlumberger Well Surveying Corporation, Ridgefield, Con- 
necticut. 
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preparations derived from aminopterin-poisoned animals, including livers 
of rats (10) and monkeys (11) as well as chick bone marrow (12) and 
monkey kidney (11). In addition oxidation of betaine aldehyde as well as 
transmethylation from betaine to homocysteine is profoundly depressed in 
livers of aminopterin-poisoned rats (10). These defects, in so far as they 
occur in the intact aminopterin-poisoned animal, should result in a lower 
yield of glycine from choline and betaine. We have therefore compared 
the isotope abundances in hippuric acid excreted by normal and by se- 
verely aminopterin-poisoned rats receiving isotopic choline or betaine. 


EXPERIMENTAL 


Preparations of Isotopic Compounds—Choline-N was prepared from 
(CH3)3;N** and ethylene chlorohydrin (13). Trimethylamine hydrochloride 
was prepared from N'°H,Cl and paraformaldehyde (14). M.p. of choline 
picrate, 243°; N'5, 1.82 and 3.02 atom per cent excess in two preparations. 

Choline-C" labeled equally in the 2 carbons of the ethanolic residue was 
purchased from Tracerlab. Doubly labeled choline was prepared by dilu- 
tion of the C-labeled material with choline-N'. Specific activity, 306 
X 10° c.p.m. per mM. 

Betaine-N" chloride was prepared by the methylation of glycine-N™ 
with dimethyl sulfate (15). Glycine-N" was prepared according to Schoen- 
heimer and Ratner (16) by Dr. E. J. Bien, to whom the authors are in- 
debted for the sample employed. M.p. of betaine picrate, 180-181°; N15, 
3.13 and 1.70 atom per cent excess in two preparations. 

Dimethylethanolamine-N!* was prepared by the pyrolysis of carefully 
dried choline chloride-N'® under reduced pressure (17). Active thermal 
decomposition was observed to commence when the bath temperature 
reached 300°. The product was redistilled at atmospheric pressure. B.p. 
of dimethylethanolamine, 132°; m.p. of dimethylethanolamine gold chloride 
double salt, 195° with decomposition; N', 2.94 atom per cent excess. 

Aminopterin was kindly contributed for these experiments by Dr. T. 
Jukes of the Lederle Laboratories Division, American Cyanamid Company. 

The authors wish to express their gratitude to Mr. Frank J. Rennie and 
Mrs. Eleanor Schroeder for assistance in the isotope analyses. 

Administration to Animals—Adult male rats of the Sherman strain, 
weighing initially 200 to 300 gm., were maintained on ground Purina lab- 
oratory chow (Ralston Purina Company, St. Louis, Missouri). Each rat 
received a single injection of neutralized isotopic test material together 
with sodium benzoate after a 24 hour fast. The dose of sodium benzoate 
was in all cases 0.35 mm per 100 gm. of body weight. In initial experi- 
ments, in accord with the practice of Shemin (6), the isotopic test ma- 
terials were injected at the level of 0.35 mm per 100 gm. However, choline 
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was found to be toxic at this dosage level, giving a mortality of over 50 
per cent. Consequently, in later experiments the isotopic materials were 
all administered at the level of 0.10 mm per 100 gm. of body weight. The 
animals were fasted during the 24 hour urine collections subsequent to 
their injections. 

Aminopterin Poisoning—Aminopterin was added to the ground diet in 
the amount of 4 mg. per kilo of diet, as suggested by Williams (18). The 
rats were offered this diet ad libitum for 10 days. Several animals died 
toward the end of this period. Evidences of intoxication included marked 
anorexia, diarrhea, and loss of 10 to 20 per cent of body weight, despite the 
fact that the diet was stated to contain vitamin Biz. At autopsy gastro- 
intestinal atony and adrenal enlargement were noted. Williams (18) has 
recommended the analysis of the liver for ascorbic acid as a guide to 
aminopterin intoxication. Such analyses have been performed (19-21), 
and an average of 256 y per gm. of wet weight of liver was found in four 
normal animals. In seven aminopterin-poisoned rats, an average of 193 
y was found. However, when non-poisoned rats were pair-fed with am- 
inopterin-poisoned animals, an average of 204 y of ascorbic acid was found 
per gm. of liver. This assay has not proved to be very useful or specific in 
our hands. 

Isolation of Hippuric Acid—Individual rats were kept in separate metab- 
olism cages, and the urine, preserved with toluene, was collected for the 
24 hours following injection. The urine was filtered, acidified to pH 3.0 
with H.SO,, and continuously extracted with ether for 8 to 12 hours. The 
ether was evaporated and the residue was twice recrystallized from hot 
water after decolorization with active charcoal. M.p. 188-190°; 


CyH,O3N. Calculated, N 7.8; found, N 7.5 to 7.8 


DISCUSSION 


Shemin (6) has compared the concentration of N’ in urinary hippuric 
acid with that of glycine which was injected intraperitoneally into rats, 
together with sodium benzoate, at a dosage level of 0.35 mm per 100 gm. of 
body weight. He found that glycine, under these circumstances, under- 
went a dilution of 2.8-fold. In the present series of experiments under the 
same circumstances (Table I), an average dilution (n,/n;) of 3.7-fold was 
found. From the conventional isotope dilution equation (22) 


A =a (n./n, — 1) (1) 


where a is the quantity of isotopic material injected and A is the quantity 
of non-isotopic diluent, it may be calculated that 0.35(3.7 — 1) = 0.94 mm 
of non-isotopic glycine, per 100 gm. of rat, mixed with the injected glycine 
prior to entering into hippuric acid formation. When isotopic glycine was 
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injected at the lower dosage, urinary hippuric acid was considerably poorer 
in isotope, a dilution of 8.5-fold having occurred, indicating a contribution 
by the rat of 0.1(8.5 — 1) = 0.75 mo of non-isotopic glycine per 100 gm. 
The values for the contribution of non-isotopic glycine at these dosage 
levels do not differ significantly. 

When betaine was injected (Table I), the dilution of isotope was some- 
what greater than when glycine was injected. For comparison it may be 
noted that the nitrogen of injected serine in Shemin’s experiments (6) was 


TABLE [ 


Ratios of Atom Per Cent Excess N° in Materials Injected (no) to Those in Hippuric 
Acid Samples Isolated (n;) 




















Isotopic precursor, ”” 
ni 
Dose a 
Glycine Betaine ih pee 
iz a per 100 gm. 
0.35 3.24 6.95 7.78 
5.46 
2.38 
3.62 
0.10 8.54 13.9 18.9 51.8 
8.45* 11.9 Vid 
|  11.4* 105 
br 
0.10 (aminopterin) | 10.4 | 11.2 13.5 
| 28.1 28.1 





* The food consumption of these rats was restricted to that consumed ad libitum 
by the aminopterin-poisoned animals. 


diluted about twice as much as that of injected glycine prior to its incorpo- 
ration into hippuric acid. Serine is generally held to be a major precursor 
of glycine, and from the present results it would appear that betaine is a 
glycine precursor of efficiency comparable to serine. This result is in sup- 
port of our earlier study (4) in which the conversion of betaine to glycine 
was investigated in the rat. 

From the observed isotope dilution (n,/n;) as choline goes to hippuric 
acid, it would appear that choline is also an excellent precursor of glycine 
in the body of the rat. The values obtained at each of two dosage levels 
are of the same order of magnitude as those procured in the betaine experi- 
ments. 

In contrast to choline and betaine, dimethylethanolamine is a relatively 
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inefficient precursor of glycine for hippuric acid synthesis. When admin- 
istered in comparable dosage levels, the nitrogen of betaine or choline under- 
went 10- to 20-fold dilution prior to its appearance in hippuric acid, whereas 
the nitrogen of dimethylethanolamine was diluted 50- to 100-fold. 

When the hippuric acid excreted by aminopterin-poisoned rats was stud- 
ied after injection of glycine, betaine, or choline at a level of 0.1 mm per 
100 gm., isotope dilutions were observed which did not deviate markedly 
from the values obtained with normal animals. Whereas in isolated experi- 
ments higher dilutions occurred after choline and betaine injection in the 
poisoned than in the normal rats, overlapping values were also obtained. 
These unexpected results are taken to mean that in the intact rat on the 
diet employed and at the level of aminopterin intoxication achieved no 


TaBLe II 
Per Cent of Injected Material Available for Hippuric Acid Synthesis 





Isotopic precursor 





Dose | cama : : ee 
Glycine | Betaine Choline eee a 
| | 
— | — - | ee 
ma per 100 gm. per cent per cent per cent per cent 
0.35 | 100 45 | 40 
0.10 100 74 | 60 | 10 


0.10 (aminopterin) | 100 


58 


47 


great inhibition had occurred either in the oxidation of choline or in the 
demethylation of betaine. 

A clearer understanding of the meaning of these data may be gained by 
the calculation of the percentage of each injected test substance which was 
actually transformed into glycine and thereby made available for hippurate 
synthesis. The method of calculation will be seen from the accompanying 
example. From Equation 1 it has been shown that about 0.94 mm of body 
glycine was available for hippurate synthesis per 100 gm. of rat in the first 
series of experiments. It is assumed that 100 per cent of injected glycine 
is available for this purpose. Since, in this series (dosage, 0.35 mm per 
100 gm.) the value of n,/n; for betaine was 6.95, again by Equation 1, 0.94 
= a(6.95 — 1), whence a = 0.16 mm of glycine formed from isotopic be- 
taine per 100 gm. of rat. Of the 0.35 mm of betaine per 100 gm. injected, 
(0.16/0.35)100 = 45 per cent was thus transformed into glycine available 
for conjugation with benzoic acid. Results of these computations for the 
means of each group of experiments are given in Table IT. 

At the higher level of dosage, 45 per cent of the injected betaine and 40 
per cent of the injected choline were transformed into available glycine 
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during the period of hippurate formation. Analogous computations from 
the data of Shemin (6) reveal that 40 per cent of injected serine is converted 
into glycine for the same purpose under comparable conditions. From 
this it appears that choline and betaine serve as precursors of glycine, with 
an efficiency approximating that of serine. 

At the lower dosage level (0.10 mm per 100 gm.) 74 and 60 per cent of 
injected betaine and choline respectively contributed to the glycine moiety 
of hippuric acid. The reason for the increased efficiency of utilization is 
not known, but may be related to diminished dissipation of betaine and 
choline by other routes. Only 10 per cent of injected dimethylethanol- 
amine was used for hippuric acid synthesis at this dosage level. 


TaBLeE III 
Conversion of Choline-N1°C™ (Ethanolamine-Labeled) to Glycine 
Choline labeled with N?5 as well as with C™ in its 2-carbon residue has been in- 
jected together with benzoic acid into three rats. The concentrations of both iso- 
topes in the injected choline (n, and c,) have been compared with the corresponding 
concentrations in the glycine moiety of the excreted hippuric acid (n; and c,). 





























Conditions Choline, #0 — = Choline, ¢o Hippurate, ¢; = felt 
atom atom en ae, eee . 
| ¢.pam. per c.p.m. per 

ree | eee | | wi | 
Normal..........| 1.90 0.101 18.7 | 1.31 K 105 | 6.34 XK 108 | 20.7 | Reel 

Aminopterin-poi- 
soned........... 3.11 0.111 28.0 | 3.06 K 105 | 1.12 X 10* | 27.3 | 0.98 
Pair-fed........... 3.02 0.249 12.1 | 3.06 K 105 | 2.16 K 10? | 14.3 | 1.18 








Du Vigneaud et al. (5) have shown that in the rat dimethylethanolamine 
serves as a methyl acceptor and consequently as a precursor of choline. 
Assuming the series of reactions 


Dimethylethanolamine — choline — betaine — glycine 


to represent the only pathway whereby these precursors can contribute 
nitrogen to glycine, on the basis of the present data the relative rates of the 
several steps can be estimated. During the interval of hippurate synthesis, 
in these rats, 74 per cent of injected betaine was demethylated to glycine, 
(60/74)100 = 81 per cent of injected choline was oxidized to betaine, and 
(10/60)100 = 17 per cent of injected dimethylethanolamine was meth- 
ylated to choline. Whereas the primary demethylation of choline cannot 
be ruled out as occurring to a minor extent, the present results as well as 
those of others (1, 23) favor the view that the major fate of choline involves 
oxidation to betaine, followed by loss of methyl groups. 
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The effect of aminopterin poisoning on these processes may also be con- 
sidered in relation to the values in Table II. Whereas the contributions of 
both choline and betaine to glycine of hippuric acid are perhaps somewhat 
smaller than those in the corresponding unpoisoned animals, it is note- 
worthy that the conversion of choline to betaine, (47/58)100 = 81 per 
cent, does not differ appreciably from the corresponding value in normal 
rats. It would appear that under these conditions no demonstrable in- 
hibition of choline oxidase activity has been achieved in the intact animal. 

To gain insight into the mechanism whereby choline is converted into 
glycine, experiments have been conducted with doubly labeled choline, 


- 
(CH3)s=N'C“H,C“H.OH. Experiments have been conducted upon nor- 
mal and aminopterin-poisoned rats and also upon rats whose food intake 
was restricted to equal that consumed ad libitum by the poisoned animals. 
In each case the abundance of each isotope in choline was compared with 
that in the glycine moiety of hippuric acid, providing two ratios of dilution, 
the one with respect to N', (n,/ni), the other with respect to C™, (c./c:) 
(Table III). When, in each experiment, these two ratios were in turn 
compared with each other, the value of the expression (¢./ci)/(no/ni) did 
not deviate markedly from unity. From this it is concluded that in the 
transformation of isotopic choline to glycine the carbon skeleton and the 
nitrogen atom undergo equal dilution. This finding implies that the trans- 
formation occurs without rupture of the C—C—N linkages. 


SUMMARY 


Betaine, choline, and dimethylethanolamine have been studied as pre- 
cursors of glycine in the intact rat by the expedient of injecting each of 
these materials labeled with N' together with sodium benzoate and meas- 
uring the isotope abundance in the urinary hippuric acid. 

Both betaine and choline are precursors of glycine under these circum- 
stances and serve in this capacity with an efficiency comparable to that of 
serine. Dimethylethanolamine is a far less efficient precursor of glycine. 

The relative rates in vivo of the several steps in the postulated reaction 
sequence dimethylethanolamine — choline — betaine — glycine have been 
estimated. The methylation of dimethylethanolamine proceeds far more 
slowly than either the oxidation of choline or the demethylation of betaine 
under our experimental conditions. 

Experiments with doubly labeled choline (C'*,N!) reveal that the eth- 
anolic residue of choline together with the attached nitrogen atom is trans- 
formed intact into glycine. 

Poisoning with aminopterin did not significantly decrease the oxidation 
of choline to betaine under the conditions employed. 





214 CHOLINE METABOLISM 


The findings are interpreted as supporting the contention that choline 
undergoes an obligatory oxidation to betaine prior to its demethylation to 
glycine. 
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The demonstration of an optimal pH of 6.5 for the synthesis of cholesterol 
in vitro by surviving rat liver (1) has led to an investigation of K+ and 
Mg**, the intracellular concentrations of which are known to vary with 
changes in the pH of the extracellular fluid (2-5). The effect of certain 
trace element cations on cholesterol synthesis was also studied. 


EXPERIMENTAL 


Buffer Solutions—Buffers with varying Nat, K+, Mgt+, and PO 
concentrations were prepared from NaH2PO,-H.O, NazHPO,., KH2PO,, 
K»HPO,-3H.O, NaCl, KCl, and MgSO,-7H.O. The pH of the buffers at 
the beginning and end of the incubation period was determined in a pH 
meter of the Cambridge Instrument Company. Na+ and K+ concentra- 
tions were determined by flame photometry by use of a Beckman model 
DU spectrophotometer with a No. 10300 flame attachment (6). Standard 
curves were prepared by dilution of standard solutions of the reagent grade 
chlorides. Three standard solutions, each containing both Na+ and Kt 
in the approximate concentration of the unknown samples, were run with 
each group. The unknown samples were prepared by diluting 1 ml. of the 
buffer or supernatant fluid after incubation to a volume of 50 ml. with 
distilled water. Distilled water blanks, amounting to only 1 part in 300, 
were neglected for sodium. In the case of potassium, the water background 
constituted a significant amount and was subtracted from both standard 
and sample readings. No measurable difference in potassium emission was 
found when 0.1 m.eq. of KCl, plus 2.8 m.eq. of NaCl, was compared with 
0.1 m.eq. of KCI, plus 2.8 m.eq. of Nat, present as NazHPO, and NaH2PO,. 

Tissue Preparation—Liver cell clusters were prepared and incubated with 
sodium acetate-1-C™ as described previously (1). The sodium acetate- 
1-C' was obtained from the Radiochemical Centre, Amersham, Bucks, 
England. 


* This investigation was supported in part by a research grant from the National 
Heart Institute, National Institutes of Health, United States Public Health Service, 
and in part by a grant from the American Heart Association. 

+ Affiliated with Columbia University. 
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Isolation Procedure and Isotope Analyses—BaCO3, cholesterol as the 
digitonide, and fatty acids were isolated, and their radioactivity was de- 
termined as described previously (1). 


TABLE I 


Synthesis of Cholesterol from CH3C%OONa in Presence of Various K* and Mg** 
Concentrations* 





: | i | Buffer electrolytes 
— pH of buffer | Time of y 











Cholesterol | Fatty 
| incubation | — Ts esas ——| digitonide | acids 
| | Nat | K win il sinkile | 
| me. | meg | mee | mee | mee | com | chm, 

| ie 4 | 195 | 0.24] 2.5 | 104 254 | 129 
lb | 6.54 4 175 | 0.17| 2.5 | 94 1429 | 214 
le 7.51 4 190 | 5.0 | 2.7 | 102 a47- | 118 
1d 6.52 4 170 | 5.0 | 2.8] 91 1620 | 298 
le 7.51 4 142 | 42 3.5 | 76 1250 | 623 
if 6.51 4 128 | 38 3.0 | 69 | 2600 | 575 
lg 7.51 4 <1 | 154 2.5 | 82 1355 | 560 
th 6.54 4 <1 | 150 3.0 | 80 | 2200 | 609 
2a 7.41 2 151 0.24; 66] 81 135 | 41 
ab | 6.48 2 445 | 0.24] 6.6] 77 389 | 62 
2c | (7.42 2 143 5.4 | 6.6 | 80 128 | 43 
24 | 6.51 2 140 | 5.0 | 66] 77 548 | 98 
2 | 7.42 2 106 | 38 6.6 | 78 ee 
of 6.51 2 105 | 38 6.6 | 77 1252 | 156 
3a 7.40 2 106 | 40 0 81 331 82 
3b 6.50 2 105 | 40 0 77 977 115 
3c 6.50 2 105 | 40 3.8 | 78 1861 197 
3d 7.42 2 106 | 38 6.6 | 80 555 51 
3e 6.50 2 105 | 38 6.6 | 77 2590 308 
3f 7.39 2 106 | 40 20 78 900 90 
3g 6.50 2 105 | 40 20 77 2162 219 


























* Each pot contained 3 to 4 gm. of liver cell clusters (from 150 to 200 gm. rats 
in Experiment 1 and from 80 to 120 gm. rats in Experiments 2 and 3) and 5 mg. of 
CH3C“OONa-3H:0 (1.026 me. per mm in Experiment 1, 0.3 mc. per mm in Experi- 
ment 2, and 1.0 mc. per mm in Experiment 3). 


Results 


Representative experiments are reported in Table I. In Experiments 
1 and 2 the effect of varying K+ concentrations on the incorporation into 
cholesterol of C'* from carboxyl-labeled acetate can be seen. There is a 
marked increase in the radioactivity of the cholesterol synthesized at both 
high and low pH’s when 38 to 40 m.eq. per liter of K+ are present in the 
buffer. It is significant that the rate of synthesis is always higher at pH 
6.5 than at 7.4, regardless of K+ concentration. Experiments lg and lh 
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demonstrate that very high K+ concentrations yield no further increase in 
cholesterol synthesis. Comparison of Experiments 1 and 2 shows that 
varying the combined concentrations of Na+ and K+ from 145 to 200 
m.eq. per liter produces no remarkable variations in cholesterol synthesis 
other than those referable to K+. The possibility existed that differences 
in the loss of intracellular K+ at the high and low pH’s might account for 
the pH effect. That this is not the case was demonstrated by three ex- 
periments, similar to those in Table I, in which it was found that liver 


TaBLe II 
Effect of Trace Element Cations on Cholesterol Synthesis in Vitro* 








Experiment No. Trace reg eee | BaCOs | pe <tc Fatty acids 

: | | | r 
C.p.m. | c.p.m. | c.p.m. 

la | | 765 

1b ZnCl» | | 790 

le MnSO, | | 1691 

1d CoCl, | | 751 

le CuCl, | 675 | 

2a | 31,500 | 1970 464 

2b MnSO, | 43,492 | 4022 519 

2c FeSO, | | 682 | 

2d CdCl, | | 1684 | 

3a 24,180 | 1789 | 633 

3b 0.00001 m MnSO, | 1740 | 

3c 0.0001 m MnSO, 28,600 | 3961 665 

3d 0.001 m MnSO, | 2641 








* Each pot contained 3 to 4 gm. of liver cell clusters from 80 to 120 gm. rats and 
5 mg. of CH3C“OONa-3H.0 (0.3 mc. per mm in Experiment 1 and 0.6 me. per mM in 
Experiments 2 and 3). A phosphate buffer at pH 6.5 containing 40 m.eq. per liter 
of K* and 7 m.eq. per liter of Mg** was used in all the experiments. 


incubated for 2 hours in a buffer containing no K+ lost an average of 0.06 
m.eq. of K* per gm. of liver, regardless of whether the pH was 7.4 or 6.5. 

Flink, Hastings, and Lowry in 1950 (7) showed that a K+ concentration 
above 36 m.eq. per liter is necessary to prevent loss of intracellular K+ by 
rat liver slices. They further found that more than 50 per cent of the 
intracellular K+ passes into buffer containing no K+ during the Ist hour 
of incubation. Our results with liver cell clusters show the same degree of 
intracellular K* loss. 

Experiment 3 indicates that an Mgt* concentration of 4 to 7 m.eq. per 
liter allows optimal synthesis of cholesterol in vitro. There is no further 
increase in synthesis with an Mgt* concentration of 20 m.eq. per liter and 
the pH effect is demonstrable with or without Mg** in the incubating 
buffer. 
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The effect of K+ and Mg** on the incorporation of C' from carboxyl- 
labeled acetate into fatty acids is shown in the last column of Table I. 
Increased radioactivity of the fatty acids synthesized at the lower pH is 
seen when the incubating buffer contained adequate concentrations of K+ 
and Mg**. 

It is thus apparent, as Hastings, Buchanan, and Nesbett showed in the 
case of glycogen (8, 9), that for optimal cholesterol and fatty acid synthesis 
in vitro the incubating medium must contain sufficient K+ and Mg** to 
prevent loss of these cations by the liver preparation. 

Present also in the liver cells are minute amounts of the trace elements 
(10), the importance of which in enzyme activation is well established. In 
Table II are shown experiments demonstrating the effect of some of these 
cations on cholesterol synthesis in vitro. All the liver cell clusters in Table 
II were incubated at the optimal pH for cholesterol synthesis in buffer con- 
taining 40 m.eq. per liter of K+ and 7 m.eq. per liter of Mg**. It will be 
seen that only Mn++ produced an increased incorporation of C“ from car- 
boxyl-labeled acetate into cholesterol. The 2-fold increase in cholesterol 
radioactivity produced by 0.0001 mM MnSO, in the presence of an adequate 
concentration of Mg++ is striking. MnSQ, concentrations of 0.001 m do 
not increase cholesterol activity further, and with 0.00001 m concentrations 
of MnSO, there is no increase in cholesterol activity above the control 
value. The lack of comparable coincident increase in the radioactivity of 
the BaCO; and fatty acids suggests that Mn++ may serve a specific réle in 
cholesterol synthesis. The significance of this Mn++ effect in relation to 
the enzymatic synthesis of cholesterol is under investigation. 


SUMMARY 


1. Salt solutions employed as incubating media for surviving rat liver 
preparations must contain sufficient K+ and Mgt to prevent loss of these 
cations by the liver if marked variations in the rate of cholesterol synthesis 
are to be avoided. 

2. The effect of pH on the rate of cholesterol synthesis persists in the 
absence of K+ and Mgt** in the incubating medium and ‘is independent of 
the loss of intracellular K+. 

3. The incorporation of C from CH;C“OONa into cholesterol by sur- 
viving rat liver at pH 6.5 is increased by the presence of 0.0001 m MnS0O, 
in the incubating buffer. The Mnt* effect occurs in the presence of an 
optimal buffer concentration of Mg++. Under similar conditions Zn**, 
Cot, Cut, Fet+*, and Cd** produce no increase in cholesterol synthesis. 


The authors are indebted to Dr. J. W. Ferrebee for helpful advice and 
criticism and to Mrs. Richard Mayo and Mrs. John Richardson for tech- 
nical assistance. 
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DIALKYLFLUOROPHOSPHATASE OF KIDNEY 
I. PURIFICATION AND PROPERTIES 


By L. A. MOUNTER, C. S. FLOYD, anp ALFRED CHANUTIN 


(From the Department of Biochemistry, School of Medicine, University of Virginia, 
Charlottesville, Virginia) 


(Received for publication, March 28, 1953) 


Mazur (1) reported the presence of a dialkylfluorophosphatase in a large 
number of tissues. The activity of the enzyme was increased 13 times 
by ethanol precipitation of a rabbit kidney extract, and some character- 
istics of the preparation were described. The normal substrate for this 
enzyme is not known. 

Since the information concerning this enzyme! is limited, it was consid- 
ered of value to (1) effect its purification, (2) study compounds which 
might act as activators and inhibitors, and (3) determine the kinetics of 
the hydrolysis of diisopropyl fluorophosphate (DFP). 


Methods 


Frozen hog kidney served as the tissue from which the enzyme was 
extracted. Enzymatic activity was determined by the Warburg technique, 
according to the procedure of Mazur (1). .In a few experiments conducted 
to determine the optimal pH of the enzyme, potentiometric titration was 
utilized. DFP, which served as the only substrate in these experiments, 
was a Merck product furnished to this laboratory by the Medical Division 
of the Chemical Corps. Nitrogen determinations were carried out by the 
biuret method (2) or by the micro-Kjeldahl procedure. Controls and 
blanks were included in each experiment and appropriate corrections made. 


Results 


Purification Studies—Aqueous extracts of hog kidney were subjected to 
fractionation under a wide range of conditions in which pH, ionic strength, 
and ethanol concentration were varied. Each resulting precipitate was 
analyzed for its enzyme activity. The best conditions found for concen- 
trating the enzyme follow. 2500 gm. of frozen hog kidney were ground in 
a meat grinder and then homogenized in a Waring blendor run at full speed 
for 3 minutes. The homogenate was then washed into a container with 10 
liters of distilled water, and the mixture adjusted to pH 6.8 with an acetate 


1 The enzyme responsible for the hydrolysis of dialkyl fluorophosphates is desig- 
nated as dialkylfluorophosphatase (DFPase) in this paper. 
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buffer (pH 4.0) and stirred thoroughly for 30 minutes at 0° to extract the 
enzyme. The pH was then reduced to 5.8 by addition of acetate buffer 
and the material centrifuged for 20 minutes at 45,000 X g in a Spinco model 
L preparative centrifuge at about 0°. The insoluble material was dis- 
carded and the clear supernatant solution was filtered to remove some 
floating lipide material (Spinco supernatant fraction). The solution was 
adjusted to pH 5.8, 60 per cent ethanol at —5° was added, and the mixture 
allowed to stand at this temperature overnight for maximal precipitation. 
Since the resulting precipitate (Fraction A) contained practically all the 
DFPase, most of the supernatant solution was syphoned off and discarded. 
The remaining mixture was centrifuged for 15 minutes in a refrigerated 
centrifuge at approximately 3000 X g. The creamy precipitate was sus- 
pended in 2000 ml. of 0.002 m NaHCO; and stirred for 1 hour at 0°. The 
insoluble material was discarded and the clear, red supernatant solution 
contained practically all the DFPase. 

This solution was adjusted to pH 5.0 with acetate buffer. A small pre- 
cipitate which formed was removed by centrifugation and the clarified 
solution adjusted to 10 per cent ethanol at —5°. After standing for 30 
minutes, a precipitate (Fraction A-1) was removed by centrifugation for 
15 minutes. This fraction was dissolved in 0.025 m NaHCO; and con- 
tained 90 per cent of the enzyme in Fraction A, representing an over-all 
recovery of about 80 per cent of the total enzyme content of the original 
kidney homogenate. 

Some increase in purification of DFPase was obtained by reprecipitation 
of Fraction A-1 at ethanol concentrations varying from 12.5 to 17.5 per cent 
at pH 5.0. 

In view of the stability of fluorophosphatase in the presence of ethanol, 
experiments were conducted to determine whether proteins could be de- 
natured without affecting the activity of the enzyme. Solutions of Frac- 
tion A-1 were exposed to various concentrations of ethanol at room tem- 
perature (25°) for different periods to determine the effect on enzyme 
activity. The highest enzyme activity was obtained by adjusting a solu- 
tion of Fraction A-1 to pH 5.0 at room temperature and the small precipi- 
tate which formed was removed by centrifugation. The clear supernatant 
solution was adjusted to 12.5 per cent ethanol and the mixture was allowed 
to stand for 40 minutes at 25°. The precipitate which formed during this 
period was removed by centrifugation and the supernatant fluid was al- 
lowed to stand in a bath at —5° for at least 2 hours. The precipitate 
which formed was designated Fraction A-2. Solutions of this fraction 
gradually lost activity on standing in the cold over a period of several 
weeks. 

The data for the activities of the respective fractions are shown in 
Table I. 
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Further attempts to increase the purification factor by ethanol and salt 
precipitation of Fraction A-2 were unsuccessful. It was observed that 
dialysis reduced the enzymatic activity and therefore was a limiting factor 
in concentrating the enzyme precipitated by (NH4)2SO, or by heavy metal 
salts. During the course of these experiments, it was observed that sev- 
eral materials were capable of activating or inhibiting enzyme activity. 
Accordingly, a systematic study was undertaken, chiefly with Fraction 
A-2, to determine the effect of metal ions, amino acids, and other com- 
pounds. 


TaBLeE [ 
DF Pase Activities in Kidney Fractions 


Experiment 











NG | Fraction pH EtOH | Activity Recovery — 
oo a =a os ~ 3 = | i a SN ee 
| | per cent a yey Len per cent 

71 Kidney 6.8 | | 230 | 

Fraction A 5.8 | 60 1,600 9 ( 
“s A-1 4.98 10 | 6,500 87 | 28 
sf A-2 4.81 12.5 23,000 | 41 | 100 
73 Kidney 6.8 | 290 | | 
Fraction A | 5.78 60 | 2,300 | 93 | 8 
«aa | 5.02 10 «=| «4,300 | «85 | 8 
she A-2 4.83 12.5 | 18,800 31 65 
33 Kidney 6.8 | 300 
Fraction A 5.8 60 | 1,800 % | 6 
ee A-l 5.05 10 | 3,750 85 | 12.5 
ie A-1 4.7 13.5 9,650 40 | 32 
* 4.8 17.5 7,700 7 | = 
| Us A-1l 4.8 12.5 11,000 70 | 37 
| be A-2 4.8 12.5 21,000 34 | 70 














Effect of Metal Ions—Data concerning the activation or inhibition of 
DF Pase are summarized in Table II. It will be noted that Mg++, recom- 
mended by Mazur as an activating ion, has only a slight effect. The 
potentiating effect of Mnt* is very striking, while Cot** is less effective. 
The effect of Cot* and Mn** concentration on enzyme activity is shown 
in Fig. 1. Most of the metal ions are effective inhibitors. Mazur’s ob- 
servation that very dilute solutions of mercuric ions activated the enzyme 
was not confirmed with the highly purified enzyme preparation used in 
these experiments. 

Activation by Amino Acids and Other Compounds—It is well established 
that the activity of enzymes such as peptidases and phosphatases may be 
influenced not only by divalent metals but also by amino acids (3, 4). In 
view of the potentiation of DFPase activity by manganese and cobalt, a 
systematic study of the effect of seventeen amino acids was made; the 








224 DIALKYLFLUOROPHOSPHATASE. I 


results are shown in Table III. The variations for the control values are 
due to the use of three different preparations of Fraction A-2 and to the 
changes in activity during storage. 


TaBLeE II 
Effect of Metallic Ions on DFPase Activity 


DFPase (Fraction A-2) and the respective salts were mixed in the side arm of the 
Warburg vessel to give the molar concentration indicated. 





] ] a te 
Ton | Concentration Activation Inhibition 




















ra ee sail 
? | M | ber cent ber cent 
Cut+ 10-3 | 100 
Agt | 10-8 95 
Mg*+ 3 X 10-3 8 
Znt+ 10-3 100 
Cdt* 10-3 60 
Bat+ 10-3 50 
Hgt+ 10-4 100 
Pb*+ 10-3 90 
Mn*+ | 10-3 420 
Fet+ | 10-3 10 
Fet++ 10-3 30 
Cot+ 10-8 110 
Ni*+ 10-8 90 
1004 
2 80- 
e 
a 
$ 60- 
Ti 
ro 
© 40-4 
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Fic. 1. Effect of Cott and Mn** concentrations on DFPase activity 


The amino acids were dissolved in 0.025 m NaHCO; and adjusted to pH 
8.0 so that approximately pH 7.4 would be attained on equilibration with 
the gas mixture. Each amino acid was added to the side arm containing 
the enzyme solution to yield a concentration of 10° m. This mixture was 
allowed to incubate for 15 minutes with, or without, manganese or cobalt 
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before being tipped into the main compartment. The rates of hydrolysis 
were compared with those of control samples containing no amino acid. 
In those cases in which the amino acid potentiated DFPase activity, the 
effect over a range of concentration (10-? to 10-7 m) was studied (Fig. 2). 
Histidine was found to be the most effective amino acid activator. In 


TaBe III 
Effect of Amino Acids on DF Pase Activity 
Amino acids 107? m; activity, ml. of CO2 per mg. of N in 30 minutes. 












































No metal ion | CO* (10-3 m) Mn*+ (1073 m) 
Amino acid PS | “i + 
|Control | amino | Effect* |Control amino | Effect* |Control | amino | Effect* 
acid | acid | acid 
ber cent per cent per cent 
Cysteine 18 27 50 40 52 30 66 | 110 67 
21 105 | 168 | 60 
Cystine 15 | 15 56 | 58 
Histidine 18 | 19 | 6 | 46 | 49 | 6 | 61 | 130 | 113 
20 44 | 49 9 | 104 | 202 | 94 
| 15 | 4o | 42 | 5 | 70 | 169 | 141 
Thiolhistidine | 16 | 21 | 381 54] 87 | 61 
Arginine 2 26.2 | 29 | 29 | 63 | 77 | 22 
Proline | 23 | 25 | 10 | 87 | 75 | 32 | 88 | 93 | 6 
; | | | a | 43 | 2 | wo] a1 | 16 
Alanine ) 17 | 17 | | 2 | 29 | 64 | 66 | 
Tryptophan 22 23 | 57 68 19 | 88 | 76 | 14 
Glycine 18 | 18 | 75 | 74 
Tyrosine | 21 | 20 | 57 | 87 | 96 | 99 
Glutamic acid | 16 | 16 | | | 
Leucine | 18 18 | | 50 49 | 
Lysine | 18 | 18 | 65 | 68 | 
Serine | 18 | 18 | | 69 | 85 | 23 
Threonine | 18 1S: | | | | GS) oe 
Creatine | | | | | 63 | 64 | 
Creatinine | | | | 62 | 62 | 


| | 
| | 





* No figure quoted if less than 5 per cent. 


addition, thiolhistidine, cysteine, and serine also potentiated the hydrolysis 
to a lesser extent. In view of the pronounced effect of histidine, a number 
of imidazole derivatives were studied. It was found that histamine and 
4,5-imidazoledicarboxylic acid had about the same effect as histidine, while 
ergothionine and imidazole were inactive. 

A number of cyclic compounds containing nitrogen were also studied 
(Table IV). The most effective combination for hydrolysis of DFP so far 
encountered is a mixture of DFPase, Mn*+, and 2,2’-dipyridyl. Sub- 
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-LOG [AMINO ACID) 
Fig. 2. Effect of amino acids on the activity of DFPase 


TaBLE IV 
Effect of Nitrogenous Organic Compounds (NOC) on DFPase Activity 


Mn** and Cot* 10-3 m; substances added 10-8 Mm; activity, ml. of CO2 per mg. of 
Ni in 1 30 minutes. 





























Substance added es a a a Control + co Effect* — t Moc Effect* 
Control |+ NOC Eiect* | | 
| ner cent | | per cent | per cent 
Histamine 16 23 44 | 56 | 130 | 130 
35 48 37 63 | 128 | 102 
Ergothionine 18 18 | 
Imidazole 17 20 18 64 | 64 
Imidazole-4,5-dicar- | 17 | 32 | 88 | 68 | 71 47 | 113 | 140 
boxylic acid 15 23 54 64 | 1s 128 | 100 
Pyridine 6 7 16 14 
Pyridoxine 6 | 5 | 14 | 14 | : =. 
Nicotinic acid | « | | 14 = 
2, 2’-Dipyridy] 5 | 7 | 40 | 46 | 49] 6 | 15 274 
22 | 33 50 | 40 | 37 g | | 
Glutathione 1s | 26 | 44 | 29 | 27 | | 97 | 135 | 39 
Adenosinetriphosphate| 22 | 21 | | | | 
Adenine 4 | 15 | | | | 66 | 50| 1 
Xanthine 4 | 14 | | | | 5 | 9 
Glutamine 16 | 17 | 13 | | | 29 | 35 | 20 
Ethylenediamine 22 | 21 | 65 59 | 9 
Alloxan 5 | | | | | 15 16 7 
Urethane 5 | 5 | | 13 |: 32 





* No figure quoted if less than 5 per cent. 
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(2)(3) 
200 ; A 


5) 





50 — °(6) 
AO an 

ae 3 
| | | I T 
5 10 15 20 25 

TIME-MINUTES 

Fia. 3. Effect of incubation of Mn** and histidine on DFPase activity. Aliquots 
of an enzyme-histidine (10-* m) mixture were incubated with Mn*+ (10-3 m) for 20, 
15, 10, 5, and 1 minutes (Curves 1 to 5) and subsequently mixed with DFP. Curve 6 
represents a mixture of enzyme and histidine mixed with DFP and Mn++ without 
incubation. Curve 7 represents the enzyme and histidine mixture added to DFP 
alone. 








TABLE V 
Effect of Order of Mixing Mn++ and Histidine on DF Pase Activity 


Activity, microliters of CO2 per mg. of Nz in 30 minutes; tipped after 15 minutes 
incubation. 





Flask contents | 











a Be Activity | Potentiation 
Main component | Side arm | 
| | per cent 
1. DFP | Enzyme 16,000 
2. DFP Kinzyme 31,300 96 
Mn*+ 
Histidine | 
3. DFP | Enzyme 34,000 112 
Mnt+ | Histidine 
4, DFP | Enzyme 60,000 274 
| Mn*+ | 
5. DFP Mn** | 58,600 267 
Histidine Enzyme | 
6. DFP Mn** | 139,000 770 
Histidine 
Enzyme | 
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stances such as pyridine, pyridoxine, and nicotinic acid were inactive. It 
will be noted that in no case did the substitution of cobalt for manganese 
give comparable results. 

Time-Course of Activation—The activation of an enzyme by cofactors 
may often be due to the slow formation of a metal-protein complex (5, 6). 
DFPase was incubated with Mn** and histidine for varying lengths of time 
before mixing with the substrate, and it was found that the maximal rate 
of hydrolysis was attained after 15 minutes incubation. The reaction rates 
after different periods of incubation are shown in Fig. 3. 


Tasie VI 
Effect of Mn** and Histidine on DF Pase-Containing Fractions 
Mnt* (10-3 m), histidine (10-* m) ; incubated 15 minutes. 





Fraction Addition Activity Control 
“i ger Mo mie per cent 
Kidney homogenate | 0 1,770* 100 
Mn*+ 3,365* 193 
| “«« + histidine 4,000* 226 
Spinco supernatant fraction | 0 1,860 100 
Mn?** 3,340 180 
«+ histidine 5,870 312 
Fraction A-1l 0 8,150 100 
Mnt+ 44,300 | 545 
«+ histidine 49,750 | 610 
4: A-2 0 20, 400 | 100 
| Mn*t+ 104, 000 | 512 


‘* + histidine | 202,000 990 


* Activity, microliters of CO2 per ml. of homogenate in 30 minutes. 





Effect of Order of Mixing—Various combinations of DFPase, DFP, Mn**, 
and histidine were mixed, and the rates of hydrolysis were determined 
after incubation for 15 minutes (Table V). Inspection of these data shows 
that maximal potentiation of DFPase by Mn** and histidine is obtained 
only when these components are mixed and incubated prior to mixing with 
the substrate. 

Effect of Manganese and Histidine on DFPase Activity in Kidney Frac- 
tions—The potentiation of DFPase during various stagesof purification is 
shown in Table VI. It can be seen that Mn*+ and histidine activate the 
enzyme in each fraction and the extent of the activation increases with 
purification. 

Effect of Inhibitors—Inhibition studies (7) may be important in under- 
standing the réle of specific chemical groups of enzymes. The effect of a 
number of known inhibitors is shown in Table VII. The evidence indi- 
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it cates that reagents reacting with sulfhydryl and carbonyl groups and also 
e with metals inhibit DFPase activity. The marked variations observed 
rs TaBLeE VII 
ys Effect of Possible Enzyme Inhibitors on DF Pase 
1€ DFPase, Mn (107? m), histidine (10-* m), and inhibitor incubated in the side arm 
te of the Warburg vessel before mixing with DFP. 

} —_——$=$$ 
es Substance | Concentration _| Inhibition 
Sulfhydryl 
en Mu | per cent 
Ma HAESON es. Sais. uo Woogie Meade ee 3 X 10-4 50 
Dichlorophenarsine........................ 10-3 60 
INTRONIUO Hac iice ceca fctimacis. 8 + akg aca 10-8 40 
FOUGACOURNE 355 oo fe ees 6 ick sone AS ees 10-3 18 
p-Chloromercuribenzoic acid................ 10-5 50 
Phenylmercuric nitrate..................... 3 X 10-6 50 
OCG eres ool eRe O Re ieee eae Mee 10-3 35 
Carbonyl 
Sodium bisulfite... . EN. 3 X 10-3 30 
Hydroxylamine.......... MN re ne 3 X 10-3 15 
PHERVIRVOFASING <5. 2.560 <0 teen enue 3 X 10-3 65 
Metal 
Mie ..:... 2, nike a | 5 
DG S550 cnin nos exes extent oan 10-7? | Negligible 
VAT Oo: scars cats snes Some eee re 10-3 50 
Ethylenediaminetetraacetic acid ... neh 3 X 10-3 | 35 
+4 8-Hydroxyquinoline......................... 3 X 10° 60 
a o-Phenylenediamine......................... 3 X 10° | 17 
red SE Ere tan dl 20 
WS Thioglycolic acid..... Bos ang, ES DOR 10-3 (10% activated) 
ned Thiodiglycol.. . LpWindadis Daler ee eee 3 X 10-° (23% aoe) 
sth Peis kien ee (55% “ ) 
Miscellaneous 
rauc- wes MAE axl Dislabe. a 
2” PUP OWDIO ares: 8:9 5seiere aig arecis nan hops amine Te 10-3 None 
the 1,565 1 ee NAS ORR ie BER RRA A EC -d 10-3 Negligible 
ith - —_—— ——___—___— 
* 0.1 ml. of saturated solution of H.S in water. 
a with any one type of reagent cannot be interpreted. For example, iodo- 
: ae acetate and ferricyanide, which are known to react readily with the sulfhy- 
eas dryl groups, have a relatively small effect. On the other hand, thioglycolic 
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acid, thiodiglycol, and hydrogen sulfide activate the enzyme; sulfhydryl- 
containing compounds such as cysteine, thiolhistidine, and glutathione 
also potentiate the reaction. 














me = 7 
10MM DFP e e 
vs AM 
So oO 
ro) e oO 
_) 1007 7 + 100- 
| fe 3 ° 
= v4 Pe 
Boe annie YE BR — 
L. MM DFP J. sNEES 
~ T is T 1 
io 20 30 0.50 1.0 
TIME (MIN) ML ENZYME 
Fig. 4 Fig. 5 


Fic. 4. Time-course of hydrolysis of two concentrations of DFP. 
Fia. 5. Rate of hydrolysis of DFP (10 mm) by various concentrations of enzyme 
in the presence and absence of manganese. 
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Fic. 6. Michaelis curves for velocity-substrate concentrations of DFPase with 
various activators. Michaelis constant (K»,) and maximal velocity (Vm) estimated 
according to Lineweaver and Burk (8). The activators (10-3 m) added to DFPase 
are indicated as follows: Curve 1, Mn** and dipyridyl; Curve 2, Mn** and histidine; 
Curve 3, Mn** and cysteine; Curve 4, Mn*t+; Curve 5, cysteine; Curve 6, histidine; 
Curve 7, no activator. 


Kinetics 


The rate of hydrolysis of varying concentrations of DFP has been deter- 
mined in the presence and absence of activators. To minimize any effect 
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of loss of substrate by volatilization, all solutions were saturated with the 
gas mixture, prior to mixing in the Warburg flask. The vessel was gassed 
at low pressure for 1 minute in the bath. The initial velocity was deter- 
mined from the plot of the evolution of CO: against time (Fig. 4). The 
rate of hydrolysis of DFP (10 mm) by different amounts of enzyme is 
linear (Fig. 5). 

The rectangular hyperbolae obtained by plotting initial velocities (V) 
against DFP concentrations are characteristic of Michaelis kinetics (Fig. 
6). The values for the Michaelis constants (K,,) and the maximum veloci- 
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pH 
Fig. 7. Influence of pH on activity of DFPase in presence of activators 


ties (V,,) indicate that the enzyme-substrate affinity is increased in the 
presence of activators. The maximal velocity is not obtained at the DFP 
concentrations used in most experiments (10 mm), but the results are 
satisfactory for comparative purposes. 

The effect of pH on DFPase activity has been studied by potentiometric 
titration. The results in Fig. 7 show that the pH optima vary between 
7.5 and 8.0 with different activators. Data obtained by the Warburg pro- 
cedure at pH 7.4 appear to be adequate for comparisons of activity. 


DISCUSSION 


The methods of purification of fluorophosphatase used in these studies 
reflect the stability of this enzyme, particularly at high ethanol concentra- 
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tions. On the other hand, the loss of activity following dialysis was a 
limiting factor in the utilization of other techniques (salting-out, heavy 
metals) used in the purification of enzymes. 

Smith (9) has described the characteristics of enzymes which appear to be 
metal-protein complexes. It has been noted in the present experiments 
that the activation of DFPase by Mn++ and Cot shows similar properties: 
(1) a plot of the rate of hydrolysis against —log [Mnt*] gives a sigmoid 
curve; (2) the extent of activation increases on purification; (3) the activa- 
tion by the metal ion is a time reaction; and (4) the order of mixing affects 
the degree of activation. Activation of enzymes, particularly phospha- 
tases, by amino acids and metal ions has been discussed by Roche (4) and 
reviewed by Martell and Calvin (10) and appears to be due to chelation. 
It is probable that the activation of DFPase involves the formation of a 
complex consisting of an enzyme-metal-organic nitrogen compound. 


SUMMARY 


Hog kidney dialkylfluorophosphatase (DFPase), an enzyme which hy- 
drolyzes diisopropyl fluorophosphate, has been purified by ethanol frac- 
tionation. 

DFPase is activated by cobalt and manganese ions. 

In the presence of Mn**, DFPase is further activated by the amino 
acids cysteine, histidine, thiolhistidine, and serine. Histamine, imidazole, 
4,5-dicarboxylic acid, and 2,2’-dipyridyl also activate the enzyme. The 
greatest DFPase activity was obtained with a mixture of the purified 
enzyme, Mn**, and 2,2’-dipyridyl. 

Reagents reacting with metal ions, sulfhydryl, and carbonyl groups in- 
hibit DF Pase activity. 

The relation of enzyme activity to pH and substrate concentration has 
been studied. 

It appears that an Mn*+-enzyme-cofactor complex is necessary for max- 
imal activity of DFPase. 
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INTRACELLULAR DISTRIBUTION OF ENZYMES 
XI. GLUTAMIC DEHYDROGENASE 


By GEORGE H. HOGEBOOM anp WALTER C. SCHNEIDER 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, February 9, 1953) 


It is generally agreed that glutamic dehydrogenase, because of its wide 
occurrence in nature and relatively powerful activity, plays an important 
role in cellular metabolism (1). Information concerning the intracellular 
locale of the enzyme was therefore considered to be of basic cytochemical 
interest, and a study was undertaken of its distribution among fractions 
obtained from liver homogenates by means of differential centrifugation. 
This investigation, the results of which are described in the present paper, 
has led to the conclusion that glutamic dehydrogenase is an exclusive 
property of the mitochondria of the liver cell. 


Materials and Methods 


Mice of the C3H strain, 4 to 6 months of age, were sacrificed by cervical 
dislocation and their livers perfused either with cold 0.25 m sucrose or with 
cold 0.25 m sucrose-0.0018 m CaCl. The livers were forced through a 
stainless steel disk perforated by 1 mm. holes! and were homogenized in 10 
volumes of either of the above two media. A plastic homogenizer of the 
Potter-Elvehjem type (3) was employed. The homogenates were sepa- 
rated by means of differential centrifugation into nuclear, mitochondrial, 
and supernatant fractions according to the methods described previously 
(4, 5). 

The glutamic dehydrogenase activity of the homogenates and fractions 
was determined by following spectrophotometrically at 340 my the rate of 
reduction of DPN (diphosphopyridine nucleotide) on addition of glutamate. 
The measurements of optical density were made in the Beckman spectro- 
photometer at 24°. The reaction mixtures (total volume, 1.50 ml.) con- 
tained 0.0036 m DPN (potassium salt), 0.013 m potassium L-glutamate, 
0.02 m potassium phosphate buffer, pH 7.7, 0.03 m nicotinamide, 0.0004 m 
KCN, and enzyme. The blank contained all the components except glu-’ 
tamate. Readings were taken at 1 minute intervals with the blank reaction 
mixture in the reference cuvette. The rate of reduction of DPN proceeded 


1 It has been found (2) that a significant number of cell nuclei are damaged when 
livers are forced through a perforated disk in order to remove connective tissue. 
The procedure has therefore been abandoned in more recent investigations. 
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linearly with time for at least 5 minutes and was directly proportional to 
the concentration of enzyme. The results were expressed in terms of the 
number of micromoles of DPN reduced per minute, with the value, 6.27 
X 10° sq. em. per mole (6), as the molecular extinction coefficient of DPNH 
(reduced DPN). 

The enzyme activity was also determined by following the rate of oxida- 
tion of DPNH upon addition of a-ketoglutarate and ammonium ions. 
The reaction mixture and other conditions were the same as those de- 
scribed above except that DPN and glutamate were replaced by 0.00043 
mM DPNH (sodium salt), 0.01 m potassium a-ketoglutarate, and 0.05 m 
NH,Cl. The concentration of DPNH in the blank cuvette was approx- 
imately 0.0003 m. This allowed for a workable range of optical densities 
through which the reaction could be followed when the mixture containing 
substrate was read against the blank. This method offered some difficulty 
in that the rate of oxidation of DPNH, as determined by a decline in op- 
tical density at 340 my, showed an initial steady increase and did not be- 
come constant until 10 to 15 minutes had elapsed. Since it was not 
found possible to eliminate the lag period by changes in the reaction mix- 
ture, the enzyme activity was estimated from the data obtained when oxi- 
dation of DPNH had finally reached a constant rate. Under these con- 
ditions, the rate was directly proportional to the enzyme concentration. 
With the use of a-ketoglutarate and ammonium ions as substrates, it 
was demonstrated with liver homogenates as a source of enzyme that the 
amount of glutamate formed (determined by means of bacterial glutamic 
acid decarboxylase?) corresponded stoichiometrically to the amount of 
DPNH oxidized (determined spectrophotometrically). 

L-Glutamic acid and a-ketoglutaric acid were obtained from the Nutri- 
tional Biochemicals Company. The keto acid was recrystallized twice 
from glacial acetic acid. Commercial crude DPN was purified as described 
previously (7), the final product containing over 90 per cent DPN. The 
sample of DPNH was prepared from purified DPN by the method of 
Ohlmeyer (6) and was 78 per cent pure. The remaining chemical reagents 
were commercial products of analytical grade. 

Total nitrogen was determined by the method of Ma and Zuazaga (8). 
The number of mitochondria in several preparations was estimated as 
described previously (9). 


RESULTS AND DISCUSSION 


In agreement with the results of Copenhaver et al. (10), it was found 
in preliminary experiments that the glutamic dehydrogenase activity of 
liver homogenates prepared in isotonic (0.25 m) sucrose solutions was con- 


2 We are indebted to Dr. Alton Meister for carrying out this determination. 
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siderably lower than that of homogenates prepared in water. When either 
water or isotonic homogenates were forced through a small orifice under 
high pressure (11), a procedure that resulted in the disruption of the nuclei 
and mitochondria, a great rise in the enzyme activity occurred, the increase 
being approximately 3-fold in the case of water homogenates and approxi- 
mately 7-fold in the case of isotonic homogenates. The activity of the two 
homogenates after disruption of the cellular structures was roughly the 
same. It was therefore apparent that, in order to obtain an adequate 
estimate of glutamic dehydrogenase activity, it would be necessary to 
resort to a procedure of this type. Since it was obviously impossible to 
isolate cell structures from a “disintegrated homogenate,” the following 
method was employed: homogenates prepared in 0.25 M sucrose or 0.25 M 
sucrose-0.0018 mM CaCl: were first fractionated by differential centrifu- 
gation, and samples of the original homogenate and of each of the fractions 
were then forced at 20,000 pounds per square inch and at 2° through a 
small orifice (11). The data presented below were all obtained from dis- 
integrated preparations. 

Table I shows the distribution of glutamic dehydrogenase activity among 
fractions obtained from homogenates prepared in 0.25 m sucrose. The 
two methods of enzyme determination yielded essentially the same distri- 
bution, although the oxidation of DPNH proceeded at a considerably faster 
rate than did the reduction of DPN. All of the glutamic dehydrogenase 
activity of the original homogenates was recovered in the fractions, and 
approximately 70 per cent of the total was found in the mitochondria. A 
3-fold concentration of enzyme occurred in this fraction. The relatively 
small amount of activity shown by the supernatant fluid could be accounted 
for by the presence of unsedimented mitochondria and therefore was not 
considered to be significant from the cytochemical standpoint. ‘The nu- 
clear fraction, however, contained nearly 30 per cent of the total activity. 
Although this fraction was known to be grossly contaminated with mito- 
chondria, it was not possible, in view of considerations noted previously 
(5), to conclude from the data of Table I whether or not the nuclei them- 
selves contributed to the activity. 

Accordingly, experiments were undertaken to determine directly whether 
the activity of the nuclear fraction could be accounted for by its mito- 
chondrial content. The results are shown in Table IT. In the first experi- 
ment, the fractionation was carried out in 0.25 m sucrose (4), but the 
number of mitochondria contaminating the nuclei was reduced somewhat 
by layering the homogenate over an equal volume of 0.34 m sucrose before 
the initial sedimentation of nuclei (2). In the second experiment, the 
homogenate was prepared in 0.25 m sucrose-0.0018 m CaCl, and was 
fractionated according to a method previously shown to yield nuclei con- 
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taminated by very few mitochondria (5). In both instances, the amount 
of glutamic dehydrogenase activity recovered in the nuclear fractions cor- 
responded closely to the number of mitochondria present. It therefore 
appears probable that glutamic dehydrogenase, like a number of other 
enzyme systems studied in the past (5, 12), is an exclusive property of 
mitochondria. It may be mentioned that the relatively high nitrogen 
content and low Q value of the mitochondrial fraction isolated from the 
calcium-containing sucrose solution (Table II) were due probably to the 
fact that in this medium submicroscopic particles tend to aggregate and 
sediment with the mitochondria (5). 


TaBLeE I 
Distribution of Glutamic Dehydrogenase in Liver Fractions 


The total values reported in the table are for 100 mg. of perfused liver or an equiv- 
alent amount of each fraction. 





Glutamic Glutamic 





| dehydrogenase | dehydrogenase 
Preparation siete — nanaced | at. | (DPNH oxidation) 

Total* Ot | Totalt Q§ 
~ gage ome | a ie 
Homogenate.............. | 2.82 0.45 0.16 | 2.71 | 1.68 0.60 
Nuclear fraction.......... 0.63 0.13 | 0.21 | 0.64 0.44 0.69 
Mitochondria............. | “0:68 | 0:33 | 0°52 0.60 P10" |) LS 


Supernatant.............. | 1.59 | 0.02 | 0.01 | 1.52 0.13 0.09 





* Micromoles of DPN reduced per minute. 

t Micromoles of DPN reduced per minute per mg. of total nitrogen. 
¢t Micromoles of DPNH oxidized per minute. 

§ Micromoles of DPNH oxidized per minute per mg. of total nitrogen. 


Since glutamic dehydrogenase is known to be a soluble protein and can 
be obtained in a highly purified state (13, 14), it appeared likely that the 
procedure of disruption of mitochondria resulted in the release of the en- 
zyme into solution. The correctness of this view was indicated by the 
fact that 86 to 91 per cent of the enzyme activity of the preparations of 
disrupted mitochondria remained unsedimented after centrifugation for 30 
minutes at 150,000 X g (Spinco model E ultracentrifuge, type A prepara- 
tive rotor). Similar results were obtained when disruption of the particles 
was accomplished by exposure to sonic oscillations (15). 

Although direct experimental evidence is limited, a tentative explanation 
can be offered for the fact that the glutamic dehydrogenase activity of 
homogenates was greatly enhanced by procedures causing disruption of 
mitochondria.’ Thus the findings reported here are similar in many re- 


3 A similar but somewhat less striking example of this phenomenon was observed 
in a recent study of the ribonuclease and desoxyribonuclease of liver (16). 
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spects to those described by Berthet and Duve (17) and Berthet and 
coworkers (18) in the case of acid phosphatase. The latter investigators 
presented strong evidence for the conclusion that the membranes of intact 
mitochondria are relatively impermeable to the substrate used in the acid 
phosphatase determination (8-glycerophosphate). It is possible that a 
similar situation exists with respect to glutamate or DPN or both. Since 
there is microscopic as well as biochemical evidence for damage to the 
mitochondrial membrane upon exposure to hypotonic media (19, 20), the 
finding that homogenates prepared in water show a higher glutamic de- 
hydrogenase activity than those prepared in isotonic solutions (10) can be 
explained on the same basis. It should be pointed out, on the other hand, 


TaBLeE II 
Glutamic Dehydrogenase Activity of Nuclear Fraction 
The total and Q values expressed as as in Table I. 





Glutamic acid 
dehydro; 


| 
Experiment No. Preparation | Total nitrogen | (DPN reduction | anerienbts 
\_ Total @ = 
1. Medium, 0.25 Homogenate 2.44 | 0.385 | 0.14 | 10.8 
M sucrose Nuclear fraction 0.27 | 0.081 0.11 0.86 
Mitochondria 0.60 | 0.29 0.48 | 
Supernatant 1.58 ; 0.02 | 0.01 
2. Medium, 0.25 | Homogenate 2.42 |0.42 | 0.17 | 12.3 
M sucrose- | Nuclear fraction 0.22 | 0.0067 | 0.030 0.16 
0.0018 m CaCl, Mitochondria 1.04 ‘0 0. a | 0.39 | 
idl 0.007 | 


rr 1.08 


that intact mitochondria are capable of carrying out certain reactions, e.g. 
cytochrome oxidase and cytochrome reductase (12), involving substrates 
that could hardly be expected to traverse readily a semipermeable mem- 
brane. It is possible, however, that the latter “insoluble” enzyme systems 
are bound at the surface of the particles, whereas glutamic dehydrogenase, 
acid phosphatase, and the nucleases (16) are present in a diffusible form 
(18) inside the particles and thus are not as readily accessible to substrates 
supplied externally. 


SUMMARY 


The glutamic dehydrogenase activity of mouse liver homogenates pre- 
pared in 0.25 m sucrose was found to be lower than that of homogenates 
prepared in water. In order to obtain maximal activity, it was necessary 
to force the homogenates through a small orifice under high pressure, a 
procedure causing disintegration of nuclei and mitochondria. 
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The intracellular distribution of glutamic dehydrogenase was studied 
by first separating 0.25 m sucrose homogenates into nuclear, mitochondrial, 
and supernatant fractions and then subjecting all preparations to the dis- 
integration procedure. Under these conditions essentially all the enzyme 
activity was recovered in the nuclear and mitochondrial fractions, the 
latter accounting for approximately 70 per cent of the total. The activity 
of the nuclear fraction corresponded to the number of mitochondria con- 
taminating it and was negligible when practically all mitochondria were 
removed. It was concluded that the glutamic dehydrogenase of mouse 
liver is localized, probably exclusively, in the mitochondria. 

Disruption of mitochondria resulted in release of the enzyme into solu- 
tion. 
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THE EFFECT OF DIET ON THE GLUTATHIONE CONTENT 
OF ERYTHROCYTES 
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Evangelists, Loma Linda, California) 


(Received for publication, March 12, 1953) 


Several investigators have studied the effect of diet on blood and tissue 
reduced glutathione (GSH). Griffiths (1) reported a lowering of the blood 
GSH of rabbits maintained on a low methionine diet. The elimination of 
protein for 2 weeks hastened the effect. Recently, Edwards and Wester- 
feld (2) found that a protein-free diet decreased the liver GSH of rats but 
did not reduce blood GSH. Grunert and Phillips (3) observed no lowering 
of blood GSH of methionine-deficient rats, although liver GSH was greatly 
reduced. In fact, rats maintained on the deficient diet for 7 months ac- 
quired a blood GSH concentration somewhat above its normal value. 

The purpose of the present investigation was to extend the studies of 
the effect of diet on the blood GSH concentration of the rat. By using a 
diet with a high content of methionine-deficient protein, large increases in 
the blood GSH levels of rats were obtained in a few weeks. Changes in 
the methionine content of the diets at different times during the experi- 
mental period produced rapid changes in GSH concentration. 


Methods 


A total of 81 male weanling rats of the Sprague-Dawley strain, weighing 
50 to 60 gm., was placed in groups for the diet experiments. 

In the first experiment four groups were used. One group was fed a 
stock diet of Purina laboratory chow, the second received a purified basal 
methionine-deficient diet, the third the same diet supplemented with 0.5 
per cent of pL-methionine, and the fourth group was given a low methionine 
ration, similar to that employed by Griffiths (1), containing extracted pea- 
nut meal as the sole source of protein. 7 weeks later blood was taken by 
heart puncture and analyzed for GSH. The animals in the first three 
groups were then sacrificed, and the livers were removed and frozen with 
solid carbon dioxide for GSH analysis. 

The basal diet was similar to the one used by Grunert and Phillips (3) 
but was higher in methionine-deficient protein. It consisted of starch 62, 
soy bean a-protein 28.5, corn oil 5, and salt mixture 4 gm. All the known 
vitamins including vitamin Bi, were added. The commercial a-protein 
used in the diet supplied protein at a level of 25 per cent of the ration. 
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This protein, as reported by Almquist et al. (4), is low in available methio- 
nine. 

A second experiment was performed in order to follow the progressive 
changes in blood GSH and to study the effects of altering the methionine 
content of the rations during the experimental period. Rats were fed the 
same diets as in the first experiment, except that the peanut meal ration 
was replaced by the basal diet supplemented with 0.4 per cent of L-cystine. 
After 6 weeks, and again at 8 weeks, five of the animals which had been 
receiving the basal diet only were placed on a supplement of 0.5 per cent 
methionine. At the same intervals, similar groups of the methionine-sup- 
plemented animals were deprived of their methionine supplement. Blood 
samples were withdrawn at 2 week intervals, the first sample being taken 


TABLE I 


Erythrocyte and Liver Glutathione Levels of Weanling Rats Fed 
Various Diets for 7 Weeks 








| Avera e : 
Diet nat 4 : a pecs wll 
| gm. ¥ mg. — cont ; mg. per cent 
ee ee ee. he Serie h- bidwn gulsed baie danid | 15 | 227 | 59 + 6f| 189 + 3 
Methionine-deficient.......................... | 15 | 106 |11442| 6143 
sy + methionine supplement.| 15 239 | 60 + 2| 167 +7 
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2 weeks after starting the experimental diets. In order to avoid altera- 
tions in the blood GSH level due to excessive loss of blood, the amount 
withdrawn was kept at a minimum by pooling equal volumes from the 
members of each group (five rats). For the same reason blood samples 
were not taken oftener than at 2 week intervals. This experiment was 
continued for a period of 12 weeks. 

GSH determinations were made by the method of Briickmann and Wert- 
heimer (5) as modified by Grunert and Phillips (6). Hematocrit values 
were obtained by using Wintrobe tubes. The concentration of GSH in 
the erythrocytes was calculated from the hematocrit value and the concen- 
tration in whole blood. 


Results 


The results of the first experiment are given in Table I. It will be noted 
that the erythrocyte GSH of rats maintained on the basal methionine- 
deficient diet rose to 114 mg. per cent compared with 60 mg. per cent for 
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the methionine-supplemented rats and 59 mg. per cent for the stock ani- 
mals. In agreement with the results reported by Grunert and Phillips 
(3), the concentration of liver GSH in the methionine-deficient rats was 
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Fig. 1. Erythrocyte glutathione concentration curves for weanling rats fed vari- 
ous diets. Each curve represents the pooled blood from a group of five animals. 
Curve A, stock diet; Curve B, methionine-deficient ; Curve C, methionine-deficient 
supplemented with 0.4 per cent L-cystine; Curve D, methionine-deficient supple- 
mented with 0.5 per cent pt-methionine; Curves E and F, methionine-deficient sup- 
plemented with methionine, the supplement withdrawn at W; Curves G and H, 
methionine-deficient supplemented with methionine at M. 


only about one-third as great as that in the other animals. Contrary to 
the findings of Griffiths (1) for rabbits, the extracted peanut meal ration 
did not lower the blood GSH of rats. 

The curves in Fig. 1 show the progressive effects of the diets, together 
with the results of adding and withdrawing methionine supplements. The 
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animals receiving the stock and the methionine-supplemented diets exhib- 
ited the usual increase in erythrocyte GSH with increasing age (7). After 
the 4th week the erythrocyte GSH of the methionine-deficient animals rose 
rapidly until about the 10th week and then became nearly constant. The 
GSH level of the rats given the cystine supplement increased steadily dur- 
ing the first 8 weeks, attaining a value at the end of this time roughly 
midway between the levels of the methionine-supplemented and the methi- 
onine-deficient animals. Withdrawing the methionine supplement after 6 
and 8 weeks caused the erythrocyte GSH concentration to increase within 
2 weeks to nearly twice its former value, while feeding the methionine 
supplement to the methionine-deficient rats at the same intervals resulted 
in a 50 per cent reduction in the GSH concentration in a period of 4 weeks. 

Livers removed from the cystine-supplemented rats at the end of the 12 
week period averaged 165 mg. per cent of GSH. Those from the methio- 
nine-deficient and methionine-supplemented animals contained 52 and 168 
mg. per cent, respectively. 


DISCUSSION 


No explanation is apparent for the striking changes produced in erythro- 
cyte GSH concentration. by varying the level of dietary methionine. Sup- 
plementation of normal diets with methionine has resulted in increased 
concentrations of methionine in the blood plasma and low levels in liver 
tissue (8). It thus appears that an inverse relation may exist between 
GSH and methionine in the erythrocytes and the liver. 

The question also arises as to what is the site of erythrocyte GSH syn- 
thesis. The absence of this compound in the plasma has been taken as 
evidence that it is not transferred to the red cell and must, therefore, be 
regarded as having originated within the cell itself (9, 10). Furthermore, 
since the mammalian erythrocyte contains no nucleus and only a small 
amount of nuclear material, Lemberg and Legge (10) concluded that GSH 
is synthesized in the cell only during some earlier stage in development. 

It is difficult to reconcile the present findings with this view. The eryth- 
rocyte GSH rose to almost twice its previous value in a period as short as 
2 weeks. Since the average life span of the mature mammalian erythro- 
cyte is of the order of 100 days, erythrocyte replacement seems to be too 
slow to account for the observed rise in GSH on the basis that the cell is 
dependent for its supply upon internal synthesis during maturation. From 
the present results it appears that erythrocyte GSH can either be produced 
in the mature cell by enzymes acquired from the immature cell or be 
synthesized elsewhere and then pass rapidly into the cell. One possible 
source is the liver. In this organ GSH is broken down and resynthesized 
with great rapidity (11, 12). That the liver may play a réle in maintaining 
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erythrocyte GSH levels is suggested by the recent observation that rats 
with low liver GSH suffer an appreciable fall in erythrocyte GSH upon 
receiving injections of sodium nitrite, whereas normal animals do not show 
this effect.! 


SUMMARY 


1. The progressive changes in the erythrocyte glutathione of rats on 
various diets have been studied. 

2. Major increases in erythrocyte glutathione were produced in weanling 
rats by feeding a purified methionine-deficient diet containing soy bean 
a-protein as the sole source of protein. 

3. Rapid changes in erythrocyte GSH levels resulted from adding and 
withdrawing methionine supplements during the experimental period. 

4. Possible sites of formation of erythrocyte GSH are discussed. 


The author wishes to acknowledge the assistance of Mr. Byron Wareham 
and Miss Lilah Nahorney. 
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THE CONJUGATED STEROIDS 
IV. THE HYDROLYSIS OF KETOSTEROID SULFATES* 
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Specific hydrolysis of the separate groups of steroid conjugates appeared 
to offer the simplest technique for achieving the hydrolysis without chemi- 
cal modification of the steroids (3-5). A partial solution to this problem 
was offered when it was found that steroid glucuronides could be hydro- 
lyzed specifically by the use of 8-glucuronidase concentrates of either ani- 
mal (Cohen (3)) or bacterial (Buehler et al. (4)) origin. Before the en- 
zyme hydrolysis could be considered to be quantitative, it was necessary 
to account for the 40 to 50 per cent of the total 17-ketosteroids in urine 
that were not liberated by this hydrolysis. Phenolsulfatase prepara- 
tions have been found to be effective for the hydrolysis of estrone sulfate 
(Cohen and Bates (6)). No one has as yet reported the successful use of 
any sulfatase, either of the phenol or alcohol type, for the hydrolysis of 
neutral steroid sulfates (Buehler e¢ al. (7)). | 

A number of non-enzymatic procedures have been suggested for the 
hydrolysis of steroid sulfates in urine. Most of these studies have involved 
the determination of the degree of hydrolysis of steroid sulfates without 
considering the possibility of chemical alterations effected during these 
procedures. Bitman and Cohen (2), using a modified Talbot et al. (8) 
hydrolysis in buffer, pointed out that apparently only the unsaturated 
8-steroid sulfates are hydrolyzed by this procedure. The isolation of about 
8 per cent of the ‘total’! ketosteroids from normal male urine as dehydro- 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and the Graduate School of 
the University of Minnesota. For the first three papers in this series see Cohen (1), 
Bitman and Cohen (2), and Cohen (3). 

j Present address, Ethicon Suture Laboratories, Inc., New Brunswick, New 
Jersey. 

1“Total’ ketosteroids refer to those ketosteroids released by hydrolysis with 
HCl. While considerable alterations of the ketosteroids occur as a result of this 
treatment, none the less a greater amount of ketosteroids is released by this technique 
than by any other single method of hydrolysis. Buehler et al. (7) have reported 
that a considerably larger amount of ketosteroids is released by hydrolysis with 7.2 N 
HCl than by hydrolysis with the standard HCl treatment. In our hands, the 7.2 N 
HCl hydrolysis yields yellow colors. The ratio of the optical density at 420 my to 
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epiandrosterone was also reported. This was confirmed by Oneson and 
Cohen who concentrated the ketosteroid sulfates of normal male urine by 
a modified Girard procedure (9) and isolated from this sulfate fraction about 
7 to 8 per cent of the “total’’ ketosteroids as dehydroepiandrosterone (10). 

The hydrolysis of ketosteroid sulfates during continuous extraction with 
ether of urine acidified to pH 0.7 to 1.0 was used first by Lieberman and 
Dobriner (11) and later employed by Buehler, Katzman, and Doisy (7). 
Lieberman et al. (12) indicated that no Walden inversion occurs when 
suspensions of large amounts of steroid sulfates are hydrolyzed by their 
technique. However, the conditions which might cause inversion in urine 
have not been investigated. Bitman and Cohen showed that, during the 
hydrolysis of pure sodium dehydroepiandrosterone sulfate by heating in 
buffer at pH 4.7, no inversion occurs (2), but only about one-third of the 
dehydroepiandrosterone added to urine is recovered in the 6-ketosteroid 
fraction (13). An artifact, 36-chloro-A*-androstenone-17, is formed when 
urines are thus hydrolyzed, indicating that conditions worked out for pure 
solutions do not necessarily hold when applied to urine. 

Grant and Beall (14) described the use of 1 ,4-dioxane for the hydrolysis 
of pure estrogen sulfates. They indicated the necessity of having purified 
estrogen sulfates to obtain such hydrolysis, since semipurified estrogen sul- 
fate concentrates from pregnant mares’ urine could not be hydrolyzed. 
We found that the dioxane treatment could also be applied to pure keto- 
steroid sulfates. This paper reports the application of hydrolysis in di- 
oxane to ketosteroid sulfates in human urine. The results of this treatment 
indicated that there exists in urine a higher concentration of 8-ketosteroids 
than hitherto suspected and also supplied evidence that the hydrolysis 
with §-glucuronidase is practically quantitative for the ketosteroid glu- 
curonides. 


Materials and Methods 


Assays of all urinary 17-ketosteroids were conducted on ketonic fractions 
(15) by the Holtorf-Koch modification of the Zimmermann reaction (as 
previously described by Bitman and Cohen (3, 13)). The pooled samples 
of urine used in these experiments were obtained from normal young men 
(Batch NMU), and in some instances from pregnant women (Batch LPU). 
The extractions were carried out with the continuous extractor described 
by Cohen (16). Assays on pure ketosteroid sulfates were carried out 
directly without preliminary hydrolysis because the ketosteroid sulfates 
give the same intensity of color per mole as the free ketosteroid.? 





that at 520 my is 1.0, while for 17-ketosteroids it is 1.5. Such colors are not those 
of 17-ketosteroids. 

210 mg. of sodium dehydroepiandrosterone sulfate assayed for 7.2 mg. of keto- 
steroid (theoretical, 7.4 mg.). 
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The androsterone and dehydroepiandrosterone sulfates were kindly sup- 
plied by Dr. Scholz of Ciba Pharmaceutical Products, Inc., Summit, New 
Jersey, the estrone sulfate by Ayerst, McKenna and Harrison, Ltd., Mont- 
real, Canada, and the samples of estradiol sulfates and the testosterone 
sulfate were made available by Dr. Holden of Charles E. Frosst and Com- 
pany, Montreal, Canada. The sodium pregnanediol glucuronidate was 
purified by the method of Sutherland and Marrian (17). Sodium estriol 
monoglucuronidate was prepared in our laboratory and was found to be 
pure on analysis. 

The estrogens were assayed by the method of Stevenson and Marrian 
(18). In the study of the hydrolysis of sodium pregnanediol glucuronidate, 
the glucuronic acid was assayed by the procedure of Cohen (3). In all 
cases the pure steroid concerned was used as the standard. 

The 1,4-dioxane which was utilized in these experiments was obtained 
from the Eastman Kodak Company. It was dried over KOH, refluxed, 
and distilled over sodium. In accord with the findings of Grant and Beall 
(14), we observed no effect on the hydrolysis of ketosteroid sulfates by the 
purity of the dioxane used. No change in the hydrolysis was demonstrable 
when the dioxane was stored for 6 months. 

All of the ether used in these experiments was rendered peroxide-free 
by passing it through a column of Al,O;.? 

Hydrolysis with acid was effected by the method of Talbot and Eitingon 
(19) and with glucuronidase by the procedure of Cohen (3). 


EXPERIMENTAL 
Hydrolysis of Pure Steroid Sulfates with Dioxane 


It was found that complete hydrolysis of androsterone sulfate or de- 
hydroepiandrosterone sulfate is achieved by permitting these solutions of 
steroids to remain at room temperature overnight in from 1 to 10 ce. of 
dioxane. The dioxane was then evaporated in vacuo and the residue was 
taken up in a mixture of 25 cc. of ether and 100 cc. of water. The water 
was thoroughly extracted four times with 0.25 volume of ether. Assays 
were conducted on aliquots of the residue obtained by evaporation of the 
ether. By using the digitonin procedure of Frame (20), it was also found 
that no conversion of the a- to B- or of the B- to a-ketosteroids occurred. 
The sodium salts of the sulfuric acid esters of estrone, testosterone, es- 
tradiol (17-monosulfate), and estradiol (3-benzoate-17-sulfate) were also 
found to be completely hydrolyzed. Twenty-nine samples of sodium de- 
hydroepiandrosterone sulfate have been hydrolyzed with dioxane in our 
laboratory and an average of 93.5 (86 to 100) per cent hydrolysis was 
effected.4 On the other hand, the glucuronides of both pregnanediol and 


3K. Dobriner, personal communication. 
4 Since the assay of ketosteroids in the conjugated form involves so many manipu- 
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estriol were not affected in any way by the dioxane, as indicated by their 
ready subsequent hydrolysis by either HCl or glucuronidase. 


Effect of Water and Alcohol on Hydrolysis with Dioxane 


Grant and Beall (14) pointed out that the hydrolysis of synthetic estro- 
gen sulfates with dioxane was inhibited by the presence of more than 10 per 
cent water or ethanol. Since the pure ketosteroid sulfates and urinary 
concentrates would be in alcoholic or aqueous solution, the effect of these 
solvents on the hydrolysis of ketosteroid sulfate was determined. The 
proportion of free ketosteroids was determined after hydrolysis of sodium 
dehydroepiandrosterone sulfate with 10 cc. of dioxane, as indicated in the 
previous section. Water and methyl alcohol in a concentration of 1 per 
cent and ethyl alcohol, the least polar of these solvents, in a concentration 
of 30 per cent completely inhibited hydrolysis of the ketosteroid sulfate 
with dioxane. 


Rate of Hydrolysis of Ketosteroid Sulfate with Dioxane 


Samples of dry sodium dehydroepiandrosterone sulfate were hydrolyzed 
overnight in 5 ec. of dioxane at 25°. The free steroid was determined in 
the usual manner. The results are shown in Fig. 1. It is seen that the 
hydrolysis of pure dehydroepiandrosterone sulfate by dioxane is complete 
in about 4 hours.*’ When the dioxane solutions of steroid sulfates were 
placed in a boiling water bath, hydrolysis was complete within 10 minutes. 


Preparation of Urine Extracts 


Concentrates of the conjugated ketosteroids in urine were prepared by 
the procedure of Bitman and Cohen (2) to ascertain their suitability for 
hydrolysis with dioxane. This procedure involves the extraction of acidi- 
fied urine (pH less than 3) with butanol, the washing of these extracts 
with dilute acid, and their concentration in vacuo after adjusting the pH to 
7.0 to 8.0. Such concentrates were not hydrolyzed by dioxane. Concen- 
trates which were prepared by evaporating a water-washed butanol extract 
of acidified (pH 2 to 3) urine yielded residues which showed considerable 
hydrolysis with dioxane.’ It thus appeared that some inhibitor is formed 





lations, 7.e. hydrolysis, extraction with an immiscible solvent, washing of the extract, 
separation by the Girard reaction which includes the formation of hydrazone, ex- 
traction, and washing of the extract, and application of the Zimmermann reaction, 
recovery of 90 per cent of the ketosteroid may be taken as convincing evidence of 
complete hydrolysis of the sulfuric acid ester. 

5 Since it has come to our attention that certain statements in the paper by Bit- 
man and Cohen (2) have been erroneously interpreted, the authors wish to empha- 
size that the washing of butanol extracts of acidified urine with water does not remove 
conjugated ketosteroids. 
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during the concentration of the slightly alkaline butanol solutions. Wash- 
ing the butanol extracts was found to be necessary. For example, an 
extract of urine (Batch NMU-142) prepared by evaporating an unwashed 
butanol extract, pH 3.5, to dryness and subjecting it to hydrolysis with 10 
ec. of dioxane yielded no 17-ketosteroids, while an aliquot washed four times 
with 0.1 volume of water yielded 3.0 mg. of 17-ketosteroids per liter of 
urine. 
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Fie. 1. Rate of hydrolysis of sodium dehydroepiandrosterone sulfate (sample 
containing 180 + of dehydroepiandrosterone) by 5 cc. of dioxane at room tempera- 
ture. 





Hydrolysis of Urine Residues with Dioxanes 


From 50 to 100 per cent of the “total” 17-ketosteroid conjugates not 
hydrolyzed by 8-glucuronidase in such water-washed butanol extracts of 
acidified urine was hydrolyzed with 10 cc. of dioxane in 16 hours. In 
those cases in which the hydrolysis was incomplete it would appear that 
some inhibitor was still present. This inhibition could be overcome by the 
addition of acid to the hydrolytic mixture. An extract of urine (Batch 
NMU-219) released only 3.0 mg. of 17-ketosteroids per liter of urine on 
standing overnight with 10 cc. of dioxane, whereas the presence of 10 per 
cent (weight per volume) trichloroacetic acid (TCA) in the dioxane caused 
the release of 4.1 mg. of 17-ketosteroids per liter of urine. In Fig. 1 it can 
be seen that all of the sodium dehydroepiandrosterone sulfate is hydro- 
lyzed at room temperature within 10 to 15 minutes by the dioxane-TCA 
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mixture. The data shown in Fig. 2 were obtained on portions of residues 
of water-washed butanol extracts of urine (Batch NMU-168) in 10 ce. of 
dioxane. It can be seen that at room temperature hydrolysis is complete 
within 2 hours with the dioxane-TCA mixture. The slower rate of hy- 
drolysis for urine as compared with pure dehydroepiandrosterone sulfate 
by either the dioxane or dioxane-TCA mixture might indicate the presence 
of an inhibitor in the urine extract. At 100°, hydrolysis of the steroid sul- 
fates of urine is complete with the dioxane-TCA mixture within 10 minutes, 
The inhibitory effect of butanol is readily observable in this experiment, but 
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Fig. 2. Influence of butanol and of trichloroacetic acid on the rate of hydrolysis 
of 165 cc. lots of urine (Batch NMU-168) with dioxane at room temperature. 


the inhibition is not so great as to offer any serious handicap to the use of 
incompletely dried butanol residues. Trichloroacetic acid was the acid of 
choice, since neither large excesses of this acid nor prolonged treatment with 
the dioxane-TCA mixture had any additional effect on the hydrolysis of 
the ketosteroid conjugate. For example, permitting the residue from 
an extract of urine (Batch LPU-228) to remain overnight in 10 cc. of di- 
oxane (containing 10 per cent TCA) yielded 1.6 mg. of ketosteroids, while 
in 1 week a total of 1.7 mg. of ketosteroids was obtained. No difference 
in the amount of 17@-ketosteroids released was detected. Glacial acetic 
acid was not chosen because it gave uncertain results due to the fact that 
it was not always a strong enough acid to overcome the urine inhibitor 
completely, while mineral acids, by hydrolyzing some glucuronides, tended 
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to be non-selective. It might also be pointed out that the residues of fresh 
butanol extracts of two urine batches (NMU-153 and NMU-168) yielded 
about 4.3 and 4.4 mg. of ketosteroids, respectively, by hydrolysis with 10 
cc. of dioxane, whereas, after 3 months, they yielded 3.0 mg. and 2.8 mg. 
of ketosteroids, respectively. On hydrolysis with dioxane containing 10 


per cent TCA, 4.3 mg. of ketosteroids were once more obtained in both 
instances. 


DracraM 1 
Preparation of Concentrates of Urine for Hydrolysis with Dioxane 
Urine 
To pH 2.5-3.0; extracted in continuous extractor overnight with 0.5 volume 
BuOH 


BuOH Urine residue 

| Washed 4 times with 0.1 volume water; evaporated in vacuo to dryness at bath 
temperature not exceeding 60° 

BuOH residue 

| Dissolved in EtOH; aliquots taken for assay to dryness in vacuo; residues 

| treated with dioxane containing 10% TCA (10 cc.) overnight at room tem- 
perature or 10 min. in boiling water bath 

Dioxane solution 

+ NaOH to neutralize approximately; to dryness in vacuo; dissolve residue in 

CCl,-H.0 for extraction and preparation for 

Ketosteroid assay 


Preparation of Butanol Extracts of Urine and Hydrolysis of Conjugates of 
Steroids with Dioxane 


The method of preparation of concentrates of urine for hydrolysis with 
dioxane is summarized in Diagram 1. Samples of such concentrates, equiv- 
alent to 100 to 400 cc. of urine, are hydrolyzed with dioxane containing 
10 per cent TCA. After adjusting the pH between 6 and 7, the dioxane is 
removed in vacuo. The residue is dissolved or suspended in water and car- 
bon tetrachloride and the aqueous layer is extracted with additional or- 
ganic solvent. The solution of free steroid is washed with NaOH and 
water, and the ketones are separated with Girard’s Reagent T (15) and 
assayed in the usual fashion. 


Specificity of Hydrolytic Procedure 
Table I shows the results obtained for a number of specimens of urine 
by the above procedure. That the method of hydrolysis with dioxane- 
TCA is, at least, nearly quantitative is indicated by the fact that the sum of 
5 Residues obtained from butanol extracts, as well as all others reported in this 


paper, were dissolved in HO, extracted with carbon tetrachloride, and assayed for 
free (unconjugated) 17-ketosteroids. In no case were significant amounts found. 
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the 17-ketosteroids released by this procedure and that released by hy- 
drolysis with glucuronidase (3) are at least equal to those obtained follow- 
ing hydrolysis with HCl; the average for the eleven urines studied is about 
14 per cent greater. The specificity of these hydrolytic procedures is 
further indicated in Table II, which summarizes data obtained by hydroly- 
sis with glucuronidase of the aqueous solution remaining after removal of 
the steroids which had been freed by dioxane-TCA with carbon tetrachlor- 
ide. Two specimens of urine (Batches NMU-124 and NMU-221) were 
hydrolyzed first with glucuronidase and the ketosteroids were extracted. 
The aqueous portion remaining was acidified and extracted with butanol, 


TaBLe [ 


Ketosteroids Released by Standard Hydrolysis with HCl versus Sum of Ketosteroide 
Released by Hydrolysis with Diozane-TCA and Glucuronidase 
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NMU-168. . 10.7 | 4.4 73 11.6 

NMU-200. . 9.5 | 2.5 8.1 10.6 

Ble ik Ra el ee ee re 11 4.4 7.4 11.8 

NMU-216........ ae. Sicycs dette gy MEE 4.4 7.5 11.9 

in lw? | LOW SS eG: te ea arene | 3.3 1.3 2.3 3.6 
T. S. 6 (adrenal cancer).... ie ..| 3800 300 60 360 
KE. H. (virilism, no therapy)............... | 90 29 72 101 

«« «© (on cortisone therapy).............. 14 1.8 10.6 12.4 





and the butanol fraction was washed with water. After evaporating to 
dryness a residue suitable for hydrolysis with dioxane-TCA was obtained. 
It may be seen that preliminary hydrolysis and removal of either the sul- 
fates or glucuronides have no effect on the subsequent hydrolysis. In no 
case did hydrolysis with HCl carried out as a third hydrolytic procedure 
yield more than 0.5 mg. of 17-ketosteroid per liter of urine. 


Amount of 8-Ketosteroids Present in Urine 


We have obtained urinary 178-ketosteroids amounting to 4.6 per cent 
(1.2 to 8.9 per cent) of the ‘total’ 17-ketosteroid content of urines by using 
the standard hydrolytic procedure with hydrochloric acid (2). Indeed, 
the authors are not familiar with reports of a greater 176-ketosteroid value 
by workers who have used this method. The high proportion (approxi- 
mately 20 per cent) of the “total” 17-ketosteroids present as 178-ketoster- 
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oids after the hydrolysis with dioxane-TCA is indicated in Table III. 
Data for Table III were obtained by fractionation of the released keto- 


steroids with digitonin. 


TasLe II 


Slightly more than one-half (an average of 55 


Effect of Successive Hydrolysis with Dioxane-TCA and Glucuronidase on Release of 


Urine batch 


Ketosteroids of Urines 





Ketosteroids released by 





1st hydrolysis A 








Standard | — pete aay 
| “Hey | | Ketoster- | 
Method | oid | Method 
released | 
aon \_ 
mg. per 1. | | mg. per l. r 
ee 10.2 | Dioxane-TCA | 3.3 | Glucuronidase 
La 10.7 | ae | 4.4 | ee 
nites 9.2 | - | 3.8 | o 
ata. 9.2 | Glucuronidase 5.8 | Dioxane-TCA 
ys 11.1 Dioxane-TCA | 4.4 | Glucuronidase 
fhe ae 11.1 Glucuronidase 6.9 | Dioxane-TCA 
TaBieE III 





2nd hydrops 


| Kisii 


ice 
released 


| mg. per l. 


Comparison of Steroids Released « on n Hydrolysis by Buffer | and by Dioxane 


NMU-168. 


NMU-200 
NMU-107 
NMU-124 
NMU-216. 
NMU-221 


Ketosteroids released by 


Urine batch | Dioxane 
Santer Se en 
HCl 
Total | a | 8B 
=| ace ae | Sean eee | 
| mg. pert. | mg. per |. : mg. per | mg. perl. | 
iSudee badd Janel 14: )| > i} | 
erie tee 0.2 | 28 | 15 | 1.4 
Seta ie eee ee 8.5 | 26 | 1.1 1.2 
Ay ee eer mite hare oye 9.2 3.8 | 1.4 2.3 
Jy SCRE eee 9.6 44 | 1.3 2.8 
Die ee Nee, 11.1 ae |) (ae 2.2 
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total 


| mg. per I. 
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per cent for the six urines studied) of the free 17-ketosteroids obtained by 
hydrolysis with dioxane-TCA was found to be of the 8 configuration. 


DISCUSSION 


The hydrolysis of ketosteroid sulfates by the use of dioxane-TCA has 
the advantage over previously suggested methods in that it is likely that 


no transformations of the 6-ketosteroids occur. 


The portion of ‘total’ 
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ketosteroids released by the standard hydrolysis with HCl which is g 
amounts to an average of 4.6 per cent. Hydrolysis with buffer (2) re- 
leased an average of 22 per cent of the “total” ketosteroids, and of this 
approximately 60 per cent or 14 per cent of the ‘total’ ketosteroids was of 
the 8 configuration. The only substance that could be isolated from the 
a fraction of the buffer hydrolysate was 36-chloro-A®-androstenone, an 
acknowledged artifact. Thus, since about 20 per cent of the “total” 
ketosteroids released by hydrolysis with dioxane have the 8 configuration, 
it would appear as if actually all of the steroid sulfates hydrolyzed by the 
buffer are indeed of this configuration. 

Dingemanse et al. (21, 22) reported that 7-androstan-6-ol-17-one (3 ,5- 
cycloandrostene-6-ol-17-one) is a naturally occurring steroid and that it 
gives rise to dehydroepiandrosterone on prolonged heating of neutral urine. 
They have suggested that dehydroepiandrosterone is an artifact. How- 
ever, Teich et al. (23) have demonstrated that dehydroepiandrosterone 
gives rise to 7-androstan-6-ol-17-one in increasing amounts as the pH is 
increased above 4.7. This latter substance may also be formed during 
the hydrolysis with buffer of urine and would appear in the a-steroid frac- 
tion. The large amount of dehydroepiandrosterone obtained under rela- 
tively mild conditions of hydrolysis would seem to indicate that this steroid 
is a naturally occurring one. 

The fact that the amount of 17-ketosteroids released from conjugates 
by hydrolysis with glucuronidase or dioxane is not affected by previous 
hydrolysis with dioxane or glucuronidase, respectively, tends to indicate 
the specificity of these two procedures. Furthermore, the sum of the 17- 
ketosteroids released by these hydrolytic procedures is 14 per cent greater 
than that of the “total” 17-ketosteroids obtained by hydrolysis with HC]; 
this indicates that these procedures are, at least, nearly quantitative, and, 
we believe, offer further proof of the destruction of ketosteroids by the 
acid hydrolysis. 

Buehler and coworkers (7) have suggested the use of 7.2 n HCl in a 
continuous ether extraction apparatus at temperatures less than 35° for 
the complete hydrolysis of both ketosteroid sulfates and glucuronides of 
urine. In our hands, however, this technique has never yielded good 
colors nor significant amounts of 8-ketosteroids from urine, indicating 
that this procedure effects considerable alterations in the 178-ketosteroids. 
Thus, for example, urine from a patient with an adrenal malignancy 
(T. S. 6) containing a high fraction of 178-ketosteroids (249 mg. out of a 
total of 300 mg. per liter of urine obtained by hydrolysis with dioxane) 
yielded only 44 mg. of 178-ketosteroids out of a “total” of 189 mg. per liter 
following hydrolysis by the 7.2 n HCl procedure. Since in the average 
urine 20 per cent of the 17-ketosteroids exist as dehydroepiandrosterone 
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sulfate, it follows that a large proportion of this steroid is lost in the 7.2 
n HCl hydrolysis. 

The mechanism of hydrolysis with dioxane is not clear but may involve 
dioxane sulfate formation (24). 


SUMMARY 


1. The preparation of concentrates of urine suitable for hydrolysis with 
dioxane is described. 

2. A procedure for the hydrolysis of ketosteroid sulfates in these con- 
centrates by the use of 1 ,4-dioxane-trichloroacetic acid (10 per cent weight 
per volume) is also described. 

3. This hydrolysis with dioxane-TCA released about 40 per cent of the 
17-ketosteroids obtained by hydrolysis with HCl; about one-half of the 
ketosteroids released by dioxane-TCA from urine of normal men is of the 
8 (i.e. digitonin-precipitable) configuration. 

4. Considerations of the amount of ketosteroids released by hydrolysis 
with dioxane-TCA and glucuronidase tend to indicate that each of these 
is quantitative. 


The authors take pleasure in acknowledging the technical assistance of 
Karol Friedman and of Saranette Frank in these studies. 


BIBLIOGRAPHY 


. Cohen, 8S. L., J. Biol. Chem., 184, 417 (1950). 

. Bitman, J., and Cohen, S. L., J. Biol. Chem., 191, 351 (1951). 

. Cohen, 8S. L., J. Biol. Chem., 192, 147 (1951). 

. Buehler, H. J., Katzman, P. A., Doisy, P. P., and Doisy, E. A., Proc. Soc. Exp. 
Biol. and Med., 72, 297 (1949). 

5. Dobriner, K., and Lieberman, S., in Gordon, E. S., A symposium on steroid 

hormones, Madison, 46 (1950). 

6. Cohen, H., and Bates, R., Endocrinology, 44, 317 (1949). . 

7. Buehler, H. J., Katzman, P. A., and Doisy, E. A., Proc. Soc. Exp. Biol. and Med., 
78, 3 (1951). 

8. Talbot, N. B., Ryan, J., and Wolfe, J. K., J. Biol. Chem., 148, 593 (1943). 


m wb 


‘ 9, Oneson, I., and Cohen, S. L., Endocrinology, 51, 173 (1952). 


10. Oneson, I., Thesis, University of Minnesota (1951). 

11. Lieberman, S., and Dobriner, K., Recent Progress Hormone Res., 3, 71 (1948). 

12. Lieberman, S., Hariton, L. B., and Fukushima, D. K., J. Am. Chem. Soc., 70, 
1427 (1948). 

13. Bitman, J., and Cohen, S. L., J. Biol. Chem., 179, 455 (1949). 

14. Grant, G. L., and Beall, D., Recent Progress Hormone Res., 5, 307 (1950). 

15. Pincus, G., and Pearlman, W. H., Endocrinology, 29, 413 (1940). 

16. Cohen, S. L., J. Lab. and Clin. Med., 36, 769 (1950). 

17. Sutherland, E. S., and Marrian, G. F., Biochem. J., 41, 193 (1947). 

18. Stevenson, M., and Marrian, G. F., Biochem. J., 41, 507 (1947). 

19. Talbot, N. B., Eitingon, I. V., J. Biol. Chem., 154, 605 (1944). 








256 CONJUGATED STEROIDS. IV 


20. Frame, E. G., Endocrinology, 34, 175 (1944). 


21. Dingemanse, E., Huis in’t Veld, L. G., and Hartogh-Katz, 8S. L., J. Clin. Endo- 


crinol. and Metabolism, 12, 66 (1952). 
22. Dingemanse, E., and Huis in’t Veld, L. G., J. Biol. Chem., 195, 827 (1952). 


23. Teich, S., Rogers, J., Lieberman, S., Engel, L. L., and Davis, J. W., J. Am. 


Chem. Soc., 75, 2523 (1953). 


24. Suter, C. M., Evans, P. B., and Kiefer, J. M., J. Am. Chem. Soc., 60, 538 (1938). 





easeaana 
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Although many workers have studied the problem and utilized various 
techniques, there is still disagreement concerning the rate of alcohol me- 
tabolism at various concentrations in the body. In a recent review of the 
subject, Jacobsen (1) selects thirteen papers in which he considers the 
experimental conditions satisfactory and tabulates the results. In seven 
of these papers the conclusion that the rate of alcohol metabolism is es- 
sentially independent of the dose of alcohol administered was reached, 
while the contrary finding was made in the other six. In the above studies 
six species of animals were used and the rate of alcohol metabolism was 
determined by the shape of the alcoholemic curve after a single dose of 
alcohol, by changes in blood concentration during the constant infusion of 
alcohol, or by total body analysis for alcohol at intervals after alcohol 
administration. Conflicting results were obtained from each of these 
methods. 

In spite of the conflicting evidence perhaps most investigators have con- 
cluded that the rate of alcohol metabolism is practically independent of 
the amount given. Jacobsen, for example, says, ‘The rate of oxidation of 
alcohol in the organism is somewhat increased with increasing concentra- 
tions of aleohol. Within the concentrations possible in the living organism 
this increase is so small that the elimination curve for alcohol generally 
follows a straight line and for all forensic purposes no error is made if we 
assume a rectilinear elimination curve for alcohol.” All recent investi- 
gators have pointed out that the above conclusion is strongly supported 
by the low Michaelis constant of alcohol dehydrogenase. Theorell and 
Bonnichsen (2) found this to be approximately 1 mm per liter at physio- 
logical pH. If alcohol dehydrogenase is the only or primary means of 
alcohol oxidation, it is clear that the enzyme should become saturated at 
low doses of alcohol. The possibility that alcohol is also metabolized by 
a “catalase oxidation” in the body has been considered since the demon- 


* This work was supported in part by grants-in-aid from the Clayton Foundation 
for Research, Pasadena, California, the Lilly Research Laboratories, Indianapolis, 
and the National Vitamin Foundation, Inc., New York. 
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stration in systems in vitro that alcohol may be oxidized by nascent hydro- 
gen peroxide in the presence of catalase (3). No definitive evidence that 
this system is active in vivo appears to be available. Bartlett (4) recently 
concluded that the catalase system is not active. His argument is based 
primarily upon the common belief that the oxidation of alcohol is not ap- 
preciably affected by dose. 

The confusion and disagreement in this field make the application of new 
techniques especially worth while. The present paper is concerned with 
the rates of alcohol oxidation in fed and fasted rats by taking the excretion 
of CO, in the respired air after the administration of labeled alcohol as 
the measure of oxidation. Ethanol-1-C' was used. This technique has 
been used by Bartlett and Barnet (5) who showed that approximately 90 
per cent of the C™ was recovered in the respired air within 10 hours after 
the administration of 1 gm. of alcohol per kilo of body weight. Only one 
animal was used, however, and no study of the effect of dose upon rate of 
metabolism was made. 


EXPERIMENTAL 


Adult female albino rats obtained from the Charles River Breeding 
Laboratories, Inc., were used. They weighed between 180 and 200 gm. 
and were fed a diet of Purina laboratory chow. They were injected intra- 
peritoneally with varying doses of 20 per cent alcohol labeled with C™ as 
described above and immediately placed in a respirometer for the collec- 
tion of expired CO:. A steady stream of air was drawn through the 
chamber containing the animal and allowed to bubble through a fritted 
glass plate into 1 Nn NaOH solution. Continuous collections were made 
for 7 to 12 hours, the expired air being diverted to a new chamber at 30 or 
60 minute intervals so that the amount of CO, and radioactivity could be 
determined at each interval. Each collection was brought to volume and 
the total CO, determined by the manometric method of Van Slyke. The 
CO, in a second aliquot was precipitated with BaCl, washed, and plated 
for counting. The number of counts in the expired air was compared to 
that administered. The latter was measured by the combustion of a 
sample of the alcohol and measurement of the radioactivity in the CO, 
collected. All radioactivity measurements were made at infinite thick- 
ness (6). 

The rates of alcohol oxidation by liver homogenates were determined by 
the Warburg technique. The rats were decapitated and portions of the 
livers homogenized in a Potter-Elvehjem homogenizer containing chilled 
saline-phosphate buffer (7). A 1:5 dilution of the liver wasmade. Each 
Warburg flask contained 1.5 ml. of phosphate buffer, 0.5 ml. of 10 per cent 
non-radioactive alcohol (13.2 mg. per ml.), and 1.0 ml. of the liver ho- 
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mogenate. The center well contained KOH to absorb CO, and the gas 
phase was pure oxygen. After a 5 minute equilibration period the oxygen 
uptake at 37° was measured for 1 hour. Comparable flasks without the 
alcohol as substrate were run at the same time. The difference in oxygen 
uptake in the flasks with and without substrate is considered as the oxygen 
utilized for alcohol oxidation. In some of the flasks the total nitrogen was 
determined at the end of the run by the micro-Kjeldahl technique. The 
results were calculated either as microliters of O2 per mg. of N per hour 
or as microliters per mg. of tissue per hour. 


TABLE I 
Alcohol Metabolism in Fed and Fasted Animals 











No. of rats | Hrs. fasted | Dose Recovered as C4O2* 
| | gm. per kg. per cent 

1 | 0 | 0.64 | 70.0 (5 hrs.) 
1 | 0 | 0.96 | 73.2 
1 | 0 1.54 91.2 
9 | 0 | 2.0 -2.4 80.3 
2 | 0 | 3.0 | 80.5 (6 hrs.) 
1 | 0 4.0 | 45.0 
2 | 0 4.0 | 93.3 (12 hrs.) 
1 | 0 4.5 | 30.0 
1 | 24 0.97 | 93.0 (6 hrs.) 
1 | 24 2.10 | 77.0 
1 24 2.90 | 54.0 
1 | 24 3.90 | 20.0 
1 48 2.40 | 55.0 
2 | 48 2.40 | 88.0 (12 hrs.) 
2 | 72 2.40 | 38.0 
1 | 120 2.40 | 35.0 








* Recoveries made in 7 hours unless indicated otherwise. 


Results 


Table I presents the per cent of the radioactivity administered which 
was recovered in the respired CO2 when various doses of alcohol were given 
to either fed or fasted rats. For the fed animals, it will be seen that the 
per cent of the radioactivity expired was essentially the same for doses 
varying from 0.64 to 2.5 gm. of alcohol per kilo of body weight. The recov- 
ery was considerably less at higher doses. Animals which had been fasted 
for 24 hours showed similar rates of oxidation at the lower levels of alcohol 
administration but reduced rates of oxidation at levels above 2.0 gm. per 
kilo. The amount of radioactivity recovered decreased as the time of fast- 
ing was increased. For example, after 120 hours of fasting only 35 per 








260 ALCOHOL OXIDATION IN RELATION TO DOSE 


cent of the activity was recovered following a dose of 2.4 gm. per kilo as 
compared to 80 per cent from fed animals receiving the same dose. If the 
collections of CO2 are continued for a longer period of time, the recovery of 
radioactivity is increased. In the two fasted animals studied (Table 1), 
after a dose of 2.4 gm. per kilo, the recovery was 88 per cent in 12 hours. 

When the rate of recovery of C" is plotted against time, sigmoid curves 
are obtained since there is a lag in the output during the Ist hour. The 
rate during the 2nd and 3rd hours may be considered as representing the 
maximal rate of metabolism for a given dose of alcohol. In Fig. 1 are 
plotted the maximal rates of metabolism in mg. per kilo per hour observed 
with different doses of alcohol in fed animals and in others which had been 
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MAXIMUM RATE (mg./kg./hr.) 


re) | ! ! \ l l 
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DOSE (gms. alc./kg. body wt.) 
Fria. 1. The effect of different doses of aleohol upon the rate of alcohol oxidation 
during the 2nd and 3rd hours after administration. X, fed animals; O, 24 hour 
fasted animals. 





fasted for 24 hours. A fairly linear increase up to a dose of 2.5 or 3 gm. 
per kilo is seen in the fed animals, with a decline in the absolute amount 
metabolized as the dose is further raised. In the fasted animals the curve 
is similar but maximal activity is reached at a lower alcohol level and the 
decline is more abrupt as the dose becomes larger. 

In Fig. 2 the data obtained for those fed animals which received 3 gm. 
of alcohol per kilo or less have been plotted according to Lineweaver and 
Burk (8) for the calculation of the Michaelis constant. Since the data 
during the Ist hour are not reliable, the alcohol in the body at any time 
was calculated by subtracting from the dose administered that amount of 
activity which had previously been excreted. The alcohol content at the 
beginning and end of each collection period was averaged to give the mean 
amount in the body and divided by the body water content (65 per cent 
of body weight) to give the average concentration. Velocity during the 
same period was obtained from the CO» recovered calculated as alcohol. 
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The K, value thus obtained is approximately 10, a value about 10 times 
that obtained by Theorell and Bonnichsen (2) with horse liver alcohol 
dehydrogenase 7n vitro at physiological pH. 





S 
Ail S. 0985 +1,0157 
= 10. 


Fic. 2. Lineweaver and Burk plot of data on alcohol oxidation. s = substrate 
concentration and v = velocity. 
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Fig. 3. The effect of body alcohol concentration upon the rate of alcohol oxidation 


in three animals which received a high dose of alcohol. Alcohol concentration equals 
dose minus prior excretion. 


In order to determine whether the rate of alcohol metabolism could be 
shown to increase with changes in alcohol concentration after very high 
doses of alcohol, collections were taken every 30 minutes from three animals 
which had received 4 gm. of alcohol per kilo of body weight. Alcohol con- 
centration at any given time was calculated as before by subtracting from 
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the dose the previous CO, collected. The data in Fig. 3 demonstrate a 
gradual increase in the rate of alcohol oxidation as the body concentration 
declines until a maximum is reached at approximately 2.5 gm. per kilo of 
weight. As the body alcohol concentration then declines further, the rate 
falls off again. It is of interest that these curves approximate those pre- 
viously obtained by varying alcohol dosage, and the maximal rate was 
obtained at the same concentration of body alcohol. 

The experiments in vitro with liver homogenates have been limited to 
studies on the effect of fasting on alcohol oxidation. As shown in Table 
II, the oxygen uptake was depressed in the livers from fasted animals by 
approximately 55 per cent. This was true whether the results were ex- 
pressed in terms of liver weight or liver nitrogen. 
































TaBLE II 

Oxygen Uptake by Liver Homogenates in Media Containing Alcohol 

pl. O2 per ml. homogenate* | pl. O2 per mg. N 
No. Sug pig /~— 

Ta : Ta’ P 
pease | ta, [Per] | nade | Ash, ie 
Fed 3 |185.1 + 77.8171.0 + 15.4) 35.9) 4 (20.1 + 3.3/30.9 + 5.8| 10.8 
Fasted | | | | 

(24 hrs.)) 1 (181.7 & 11.2)147.6 + 7.7) 15.9) 18.6 + 2.2 23.5 + 3.8) 4.9 





* Alcohol was added to the flasks at a concentration of 10 mg. per ml. 


DISCUSSION 


The results presented in this paper demonstrate a direct dependence of 
the rate of alcohol metabolism upon the dosage of alcohol administered. 
In the method used the complete oxidation of the 1st carbon atom of etha- 
nol to CO: is actually measured, since this was the only portion of the 
molecule labeled. In most previous studies changes in blood alcohol con- 
centration have been used as the measure of the oxidation, in which only 
the oxidation of alcohol to acetaldehyde would be necessary to cause 
the disappearance of alcohol from the blood. It seems unlikely, however, 
that the differences in extent of oxidation should materially affect the re- 
sults obtained. Since 80 to 90 per cent of the radioactivity is recovered 
within 6 to 7 hours, essentially all of the alcohol which disappears from the 
blood must be completely oxidized. The synthesis of other metabolic 
products from alcohol or the accumulation of intermediate products must 
be minimal. The high recoveries obtained by Bartlett and Barnet (5) 
with doubly labeled alcohol confirm this conclusion. Because of the high 
recoveries obtained in 12 hour collections, the slower rates of alcohol me- 
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tabolism in fasted animals are believed to indicate less rapid oxidation of 
alcohol rather than accumulation of intermediates. 

The much larger Michaelis constant for ‘alcohol oxidation’ in the body 
than for pure alcohol dehydrogenase in vitro raises important questions, 
since most investigators (1, 4) have used this as the clinching argument in 
support of a constant rate of alcohol metabolism. Several possibilities are 
evident. (a) The Michaelis constant for alcohol dehydrogenase may be 
higher in vivo than in vitro, (b) the effective concentration of alcohol at the 
site of enzyme action may be lower than the blood alcohol concentration, 
(c) systems other than alcohol dehydrogenase may be active in alcohol 
oxidation, or (d) alcohol dehydrogenase may not be the limiting reaction 
in the over-all oxidation of alcohol to COz. The latter possibility would 
explain the discrepancy between the present results and those obtained by 
changes in blood alcohol concentration but would require the accumulation 
of intermediates in the oxidation system. This seems unlikely. Studies 
now underway on the oxidation of acetaldehyde and acetate should throw 
some light upon this possibility. As has been indicated above, most work- 
ers do not feel that “catalase oxidation” is important and the necessity of 
assuming such a mechanism becomes unnecessary if one admits the pos- 
sibility of either (a) or (b). There is a considerable body of evidence to 
show that, in most tissues, alcohol becomes distributed in proportion to 
the water content of the tissue (9). While this may be considered as con- 
trary evidence to possibility (b), it cannot be considered definitive. This 
is particularly true since it appears that the liver is the principal site of 
alcohol oxidation. 

Species variation cannot be ruled out at this time and the relation these 
studies may have to alcohol metabolism in human beings remains to be 
determined by direct experiment. The conflicting results which have been 
obtained in the past with the same species lead us to believe that this may 
not be the important variable. In any event, the common assumption 
that the low Michaelis constant of alcohol dehydrogenase necessarily leads 
to a constant rate of alcohol metabolism regardless of dose cannot be con- 
sidered as valid under all conditions. 


SUMMARY 


The rate of alcohol metabolism in rats administered varying doses of 
alcohol has been studied by using ethanol-1-C' and measuring the C“O, 
excreted in the respired air. 

The rate of alcohol oxidation was found to be directly proportional to 
the dose administered up to a maximum at about 2.5 to 3 gm. per kilo of 
body weight. At higher dosages the absolute rate in mg. per hour per kilo 
of body weight declines. 
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Calculation of the Michaelis constant for this system yields a value ap- 
proximately 10 times the previously determined figure with purified alcohol 
dehydrogenase in vitro. 

Fasting markedly decreases the rate of alcohol oxidation at the higher 
levels of alcohol administration and is dependent upon length of fasting. 
Fasting also decreases the ability of liver homogenates to oxidize alcohol 
in vitro. The effect of fasting is interpreted as a loss of liver enzymes 
necessary for alcohol oxidation. 
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THE ROLE OF SULFHYDRYL GROUPS IN THE ACTIVITY OF 
p-GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE* 


By H. L. SEGALt anp P. D. BOYER 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, January 14, 1953) 


The dependency of the action of p-glyceraldehyde 3-phosphate (G-3-P) 
dehydrogenase upon the presence of intact sulfhydryl groups has been well 
established. Recent discoveries of thiol esters of coenzyme A and their 
function in acylation reactions (1-6) have suggested that catalysis by 
G-3-P dehydrogenase might involve intermediate formation of an acyl ester 
of an —SH group of the enzyme. This possibility has likewise been sug- 
gested by Racker on the basis of an analogy with the glyoxylase reaction 
(7), and by Racker and Krimsky (8), who showed the formation and utiliza- 
tion of thiol esters independent of the oxidation-reduction function of the 
enzyme. Evidence for an acyl enzyme intermediate was obtained by 
Harting and Velick (9), who demonstrated a transfer of the acetyl group 
from acetyl phosphate to inorganic phosphate, glutathione, or coenzyme 
A, and the rapid arsenolysis of acetyl phosphate. From changes in spec- 
tral absorption at 365 my and other data, Racker and Krimsky (8, 10) 
postulated the existence of a bond between diphosphopyridine nucleotide 
(DPN*) and an —SH group of the enzyme which is cleaved through reac- 
tion with the substrate by an “aldehydolysis” mechanism with addition 
of RCO— to the sulfur and H to the enzyme-bound DPN?*. 

In this paper experiments are reported which throw further light on the 
mode of action of G-3-P dehydrogenase and the participation of sulfhydryl 
groups in the catalysis, and which provide direct evidence for the forma- 
tion of an acyl enzyme intermediate. 


Materials 


Substrate—p-Glyceraldehyde 3-phosphate was prepared by the action of 
aldolase on fructose-1,6-diphosphate by a modification of a method of 
Meyerhof (11). An excess of four times recrystallized aldolase, prepared 
according to Taylor et al. (12), was added to a solution containing 8 mm of 


* Supported in part by a grant from the National Institutes of Health, United 
States Public Health Service. Paper No. 2963, Journal Series, Minnesota Agricul - 
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the sodium salt of fructose-1,6-diphosphate per 100 ml. at pH 7.2. The 
solution was incubated for 25 minutes at 30°, the temperature was then 
raised to 60°, and another equal quantity of aldolase was added. After 10 
minutes at this temperature, 5 gm. per 100 ml. of trichloroacetic acid were 
added, and the solution was quickly cooled and precipitated protein was 
removed by filtration. The pH was brought to 4.5 to 5.0 and excess barium 
acetate added, followed by 4 volume of ethanol. The precipitate, con- 
taining only a small proportion of triose phosphate, was centrifuged off and 
discarded. To the supernatant fluid were added 0.1 volume of ethanol 
and 1 volume of acetone. The solution was again centrifuged and the 
centrifugate dried carefully and dissolved in H.O with the aid of a minimal 
amount of dilute HCl. The preparation was then freed of Bat+ with 
Na»SO, and brought to pH 6.5 to 7.0. 

The substrate preparation for some experiments was treated in the cold 
with a magnesia mixture to reduce the inorganic phosphate content. Com- 
plete removal of inorganic phosphate was not achieved by this procedure 
because of the lability of the triose phosphate at alkaline pH. 

The concentration of p-G-3-P was determined by measuring spectro- 
photometrically the amount of DPN+ reduced in the presence of arsenate, 
p-G-3-P dehydrogenase, and excess DPN*. 

pu-Glyceraldehyde was purchased from the Concord Laboratories, Cam- 
bridge, Massachusetts, and used without purification. 

pL-Glyceraldehyde 3-phosphate was prepared by carefully neutralizing 
weighed amounts of the synthetic glyceraldehyde 1-bromide-3-phosphate 
(dimeric) obtained from the Concord Laboratories. The latter prepara- 
tion, recrystallized from dibutyl phosphate and dioxane (13), contained 
less than 0.001 mole of phosphate per mole of G-3-P. 

Glyceraldehyde 3-Phosphate Dehydrogenase—The excellent procedure of 
Cori et al. (14) was followed closely for the crystallization and recrystalliza- 
tion of the enzyme. In most preparations 10-* m ethylenediaminetetra- 
acetate (EDTA) (Bersworth Chemical Company, Framingham, Mass- 
achusetts) was present in all solutions containing the enzyme. For use, 
the enzyme was dissolved in neutralized 3 X 10-? m EDTA. Concen- 
trated solutions lost little activity over a 3 week period at 2°. Four or 
five times recrystallized enzyme was used except where otherwise noted. 

For calculations of the concentration of enzyme solutions, the optical 
density at 276 mu (1 cm. light path) in 10-* m EDTA or phosphate buffer 
at pH 7 to 8 was multiplied by 1.02 to give the mg. of enzyme per ml. of 
solution. The absorption of the enzyme in water is slightly less than in 
the buffer solutions. The factor of 1.02 is based upon the measurements 
of the weight of aliquots of a dialyzed, four times recrystallized enzyme 
dried to constant weight in a vacuum desiccator over P.Os. The calcula- 
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tions of enzyme molarity are based upon the molecular weight of 118,000 
reported by Taylor (15). 

DPN*—Solutions were prepared by neutralizing DPNt (Pabst Labora- 
tories, Milwaukee) and were stored at 2°. Calculations of the micromoles 
of DPNH per ml. were made by dividing the change in optical density at 
340 my by the Ohlmeyer coefficient, 6.27. 

Iodoacetic Acid ([AA)—The IAA (Eastman) was recrystallized three 
times from petroleum ether to give a colorless product. 


EXPERIMENTAL 


Substrate Protection from IAA Inactivation—The protection of dehydro- 
genase by the substrate from IAA inactivation was best demonstrated by 
employing the minimal quantity of IAA necessary for nearly complete in- 
activation in 15 minutes exposure, followed by dilution to a concentration 
of IAA which gave almost no further inactivation in 4 minutes. Thus it 
was possible to carry out the inactivation with IAA under various condi- 
tions with a small volume, and to measure conveniently the amount of 
activity remaining at a given time by dilution with the remaining com- 
ponents of the reaction mixture. Details of a typical experiment are given 
in Fig. 1. 

The results of substrate protection experiments given in Fig. 1 show that, 
when the preincubation mixtures contained 4 X 10-* m G-3-P (about 10 
times the K,, concentration), there was nearly complete protection against 
the IAA inactivation (Curve 4 compared to Curve 3). At lower substrate 
concentrations (Curve 5), incomplete protection resulted. 

Enzyme from which the tightly bound DPN+ had been removed was 
also protected against IAA inactivation by substrate (Table I). After a 
portion of the enzyme had been treated twice with Norit A (neutral) ac- 
cording to the method of Cori et al. (14), it contained 16 per cent of its 
initial DPN*. Activity comparisons before and after charcoal treatment 
under identical conditions gave optical density changes of 0.124 and 0.110 
respectively in 23 minutes. 

When DPN*+ was added to the preincubation medium containing IAA, 
an increased inactivation occurred with the charcoal-treated enzyme (Ta- 
ble I) and with enzyme from which DPN+ had not been previously re- 
moved (Table II). Substrate was also able to protect against this in- 
crease in inactivation (Tables I and IT). 

pi-Glyceraldehyde even in high concentration (0.34 mM) was not able to 
protect the enzyme against IAA as completely as G-3-P in much lower 
concentrations (Table III). This is no doubt, in part at least, a reflection 
of the much higher K,, of the former (0.075 m p-glyceraldehyde). Holzer 
and Holzer (16) have also recently reported experiments showing protec- 
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tion of crystalline G-3-P dehydrogenase from dog muscle against IAA in- 
activation by low concentrations of G-3-P and much higher concentrations 
of glyceraldehyde. 

Substrate protected the enzyme from IAA inactivation in the presence 
or absence of added arsenate, as shown by the data given in Line 6, Table 
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Fig. 1. Substrate protection against IAA inactivation. A 0.6 ml. preincuba- 
tion mixture, containing 0.2 ml. of 0.15 m pyrophosphate buffer, pH 8.4, 19 y of G-3-P 
dehydrogenase in 0.1 ml, of 0.003 m EDTA, and other additions as noted, was kept 
for 15 minutes at room temperature following addition of the enzyme. The mixture 
was then diluted with 3.1 ml. of a solution at 30° containing 0.5 ml. of 0.15 m pyro- 
phosphate buffer at pH 8.4, 0.1 ml. of 0.003 m EDTA, and 2.4 X 107-7 mole of G-3-P 
(less the G-3-P in the preincubation mixtures) and placed in a 1 em. silica cell of a 
Beckman spectrophotometer with the cell compartment maintained at 30°. The 
reaction was started 14 minutes later by adding, with stirring, 0.1 ml. of 0.01 m 
arsenate containing 2 mg. of DPN; the optical density increase measured at 340 my. 
Additions to the preincubation mixture were as follows: Curve 1, no additions; 
Curve 2, no additions, but 6 X 10-8 mole of IAA in the diluting solution; Curve 3, 
6 X 10-® mole of IAA; Curve 4, 6 X 10-8 mole of IAA, and 2.4 X 10-7 mole of G-3-P; 
Curve 5, 6 X 10-8 mole of IAA and 0.8 X 10-7 mole of G-3-P. 


II, and Line 6 of Experiment 2, Table III. The presence of arsenate allows 
complete reduction of the bound DPN*+ of the enzyme to DPNH. 

In our experiments glyceraldehyde was noted to have an inactivating 
effect upon the enzyme. When 0.34 m pti-glyceraldehyde was included 
with the enzyme in the usual 15 minute preincubation, about one-third of 
the activity was lost. Racker and Krimsky (10) have found a similar in- 
activation of the enzyme by acetaldehyde. 

Titrations of Reducing Growps—Measurements of the reducing groups in 
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TaBLE I 
Substrate Protection of Charcoal-Treated Enzyme against IAA Inactivation 
The experiments were performed as given in Fig. 1, except that the 0.1 ml. of 
enzyme used was a 1:50 dilution of a charcoal-treated enzyme containing originally 


17 mg. per ml., and the diluting solution contained 8 X 10° mole of G-3-P (less the 
G-3-P in the preincubation mixture). 


Additions to preincubation mixture 
AD* at 340 my in 2} min. 


IAA—Sté‘(L’SS”*é«éPNY~™C«dL:C*é‘é«~ 
aie X 108 mg. 7 | moles X 108 
Ot 0 | 0 0.138 
2 0 | 0 0.071 
2 | 2 0 0.045 
2 | 0 2.7 0.107 
2 | 2 | 2.7 0.105 
| 





* D = optical density. 
+2 X 10-8 mole of IAA in diluting solution. 


TaBLeE II ; 
Effect of DPN* and Arsenate on IAA Inactivation and Protection by Substrate 


The experimental procedure was similar to that given in Fig. 1. The preincuba- 
tion mixtures contained, in 0.5 ml. at 15°, 48 y of once crystallized enzyme, 0.1 ml. 
of 0.15 m trishydroxymethylaminomethane (Tham) containing 20 um of cysteine at 
pH 8.1, and other additions as noted. The diluting solutions contained, in 2.7 ml., 
0.5 ml. of Tham-cysteine solution, as above, and 1.1 X 10-7 mole of G-3-P (less the 
G-3-P in the preincubation mixture). The reaction measured at 15° was started by 
addition of 0.1 ml. of 0.01 m arsenate or 4 mg. of DPN* or both as necessary. 


Additions to preincubation mixture 
feet Eh Des meee ae AS Rotem AD* at 340 my in 1} min. 


TAA | ~ DPN+ G-3-P "Arsenate 
waht x 108 a mg. poe x 101 moles X 108 
0 | 0 0 0 0.285 
3 0 0 | 0 0.180 
3 4 0 | 0 0.106 
3 | 0 1.1 | 0 0.252 
3 | 4 } 4a 0 0.247 
3 0 1.1 1 0.271 





* D = optical density. 


the enzyme and the extent of their reaction with IAA and G-3-P were made 
by means of the amperometric titration with o-iodosobenzoate (IOB) as 
developed by Larson and Jenness (17).!. The results of a titration of 
G-3-P dehydrogenase are shown in Fig. 2. The decreased slope in Curve 


1 The facilities for the amperometric titrations were kindly made available through 
the cooperation of Professor R. Jenness. 
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II compared to Curve I may be attributed to the binding of free I, by the 
protein (17). The titrations gave values of 14.6 to 14.9 reducing equiva- 
lents per 118,000 gm. of protein, the molecular weight calculated by Taylor 
(15). By analysis of hydrolysates of dehydrogenase, Velick and Ronzoni 
(18) found 10.7 half cystine residues per 118,000 gm. The higher value 


TaBLe III 
Protection against IAA Inactivation by Glyceraldehyde 
The experimental procedure was as given in Fig. 1. The preincubation mixtures 
contained, in 0.7 ml., 0.6 mg. of enzyme in 0.1 ml. of 0.003 m EDTA, 0.2 ml. of 0.03 
Veronal, pH 8.4, and other additions as noted. The diluting solutions contained, 
in 3.2 ml., 1.0 ml. of 0.03 m Veronal, pH 8.4, 2.4 X 10-4 mole of pu-glyceraldehyde 
(less pL-glyceraldehyde in preincubation mixture), and 1.0 ml. of 0.003 m EDTA. 





Additions to preincubation mixture 





ts a aR Lacie laa ‘ i AD* at 340 my in 24 min. 


: | 
— | IAA | Chineaiidigee | Arsenate 
| moles X 108 | moles X 10 | moles X 108 | 
1 0 0 0 0.487 
Ot 0 0 0.411 
2 0 | 0 0.104 
2 2.4 | 0 0.178 (0.283)t 
0 2.4 0 0.306 
0 0 0 0.514 
0* 0 0 0.482 
2 2 0 0 0.083 
2 0 1 | 0.090 
2 2.4 0 | 0.197 (0.298)f 
2 2.4 1 0.255 (0.386)t 
0 2.4 0 | 0.339 
0 2.4 1 0.306 














* D = optical density. 

¢ 2 X 10-8 mole of IAA in diluting solution. 

t The values in parentheses are corrected for the inactivating effect of glyceral- 
dehyde when enzyme was preincubated without IAA under the same conditions. 


for total reducing equivalents found by the o-iodosobenzoate titration may 
result from overoxidation of sensitive —SH groups in the protein.” 

The results of titration experiments with dehydrogenase exposed to iodo- 
acetate under various conditions are shown in Table IV. The decrease of 
4.4 to 4.7 reducing equivalents per mole in the I[AA-treated enzyme is the 
result of alkylation of enzyme —SH groups under conditions which inac- 

2 That the values for reducing equivalents give a close approximation of the 


number of —SH groups is shown by the finding that over 12 moles of p-chloromer- 
curibenzoate will combine with 1 mole of enzyme. 
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tivate 80 to 90 per cent of the enzyme. In the presence of the same con- 
centration of IAA, but with sufficient G-3-P to protect about 90 per cent 
of the enzyme activity, 1.3 to 1.5 more reducing equivalents per enzyme 
molecule were found. For estimation of the number of —SH groups pro- 
tected by substrate per mole of enzyme, the actual fraction of enzyme pro- 
tected needs to be considered. Under conditions as in Experiment 2, 
where the enzyme retains about 10 per cent of its activity in the absence 
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Fic. 2. Amperometric titration of G-3-P dehydrogenase with o-iodosobenzoate. 
To 1.2 ml. of enzyme solution containing 0.2 ml. of 0.15 m pyrophosphate, pH 8.4, 
and 0.3 ml. of 0.003 m EDTA in a 40 ml. beaker were added, with magnetic stirring, 
approximately 4 ml. of standardized 0.001 N o-iodosobenzoate from a 5 ml. burette. 
A mixture of 1.8 ml. of 3 percent KI, 1.5 ml. of 1 n HCl, and 2 ml. of 0.002 n stand- 
ardized Na.S.0,; was then prepared and added with the aid of two water rinses to 
give a total volume of 20 ml. in the titration vessel and titration was completed as 
described by Larson and Jenness (17). 


of substrate and 80 per cent in the presence of substrate, the fraction 
protected amounts to 70 per cent of the total enzyme present. The pres- 
ervation of 1.3 to 1.5 reducing equivalents per mole of total enzyme thus 
represents close to 2 equivalents per mole of enzyme actually protected 
from inactivation. These results permit the conclusions that G-3-P can 
protect two —SH groups per mole of enzyme from IAA inactivation, and 
that, of the total number of —SH groups alkylated by IAA to produce 
inactivation, only two are necessary for enzyme activity. 

Formation of Acyl Enzyme with Glyceraldehyde 3-Phosphate—If the ox- 
idation of substrate by the dehydrogenase proceeds in two steps, involving 
formation of an acyl enzyme followed by transfer of the acyl group to 
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phosphate or other acceptor, then 1 equivalent of DPN* will be reduced 
for each equivalent of acyl enzyme formed, even in the absence of external 
acyl acceptors. With sufficient quantities of enzyme so that its acylation 
would allow the appearance of readily measurable amounts of DPNH, the 
formation of more DPNH was demonstrated than would be expected 
from the amount of inorganic phosphate present. In Fig. 3 are shown the 
amounts of DPNH formed with addition of increasing amounts of DPN*+ 


TABLE IV 
Titratable Reducing Groups of G-3-P Dehydrogenase under Various Conditions 

The samples were kept for 15 minutes at room temperature after addition of the 
enzyme and then titrated as described in Fig. 2. The solutions titrated contained 
0.2 ml. of 0.15 m pyrophosphate buffer, pH 8.4, and other additions as indicated. 
Measurements of the activity of 100-fold dilutions of samples used for the titration 
in Experiment 2 gave 2} minute optical density changes of 0.141, 0.030, and 0.123 
with no IAA, IAA alone, and IAA plus substrate respectively. The several values 
given are results of replicate titrations. 





: Additions to titrated solution ; 
Experiment | a ? : _ 0.964 X 10-3 N | No. of reducing 
No. ee o-iodosobenzoate used | equivalents per mole 


| Enzyme | IAA G-3-P 
| mg. | moles X 10" moles X 10° ml. 
1 | 0 | 0 a, 4.170, 4.167 
| | 4.168, 4.177 
5.4 0 0 4.892, 4.867 14.9 
| CsA. bn 28 0 4.666, 4.649 10.2 
| | | 4.658 | 
5.4 1.2 2.4 4.728, 4.713 11.5 
| 0 a.) oe 4.182 0.1 
i 0 0 i 40 4,185, 4.188 
2 5.4 0 0 4.880 14.6 
5.4 1.2 0 4.675 10.2 
5.4 1.2 11.7 


2.9 4.746 


to two levels of enzyme differing 100-fold in concentration. The lower 
enzyme concentration (bottom curve) served as a control to determine the 
amount of DPNH formed because of inorganic phosphate present (2.4 X 
10-4 m), mainly from the substrate solution, as expected from the reaction 
equilibrium: 


, _ (DPNH)(1,3-diphosphoglycerate) (H*) 
ia (DPN?*) (G-3-P) (phosphate) 





The inorganic phosphate added with the higher concentration of enzyme 
was less than 2 per cent of that already present in the reaction system, and 
therefore the increased formation of DPNH may be attributed to action 
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of the dehydrogenase as an acyl acceptor. The alternate explanation that 
the dehydrogenase caused a shift in the equilibrium in favor of DPNH 
formation by a strong binding of 1,3-diphosphoglycerate is unlikely in 
view of the very tight binding of over 2 moles of diphosphoglycerate per 
mole of enzyme that would be required for such an explanation. 

The conclusions from the preceding experiment were substantiated by 
use of recrystallized dimeric glyceraldehyde 1-bromide-3-phosphate as a 
source of substrate. In Fig. 4, Curve A, are shown the changes in ab- 
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Fia. 3. Reduction of DPN* coupled with acyl enzyme formation. The complete 
system contained, in 3.2 ml. total volume, 3.1 X 10-5 m G-3-P, 0.023 m Tham buffer, 
pH 8.4, 7.5 X 10-* m EDTA, and enzyme and DPN* as noted. The optical density 
changes at 340 my, 30°, were determined by measuring the absorption prior to the 
addition of the enzyme and 2 to 3 minutes after enzyme addition, and were corrected 
for the absorption of the enzyme per se. The enzyme crystals were centrifuged from 
the ammonium sulfate and dissolved in dilute EDTA shortly before the experiment. 


sorption with time at 340 my following addition of a relatively dilute and 
then a relatively concentrated enzyme solution to a reaction mixture at 
pH 6.5 containing only G-3-P, DPN*+, and EDTA (together with the 
equivalent amount of bromide and dioxane accompanying the synthetic 
G-3-P and the ammonium sulfate accompanying the enzyme). With the 
lower enzyme concentration only a very small optical density increase was 
noted as anticipated. With the higher enzyme concentration, extrapola- 
tion of the change in optical density to the time of enzyme addition gave a 
measure of the DPNH formed with the enzyme as the only acyl acceptor. 
The continued slow formation of DPNH after addition of the enzyme most 
likely represents the rate of hydrolysis of the acyl enzyme. The amount 
of inorganic phosphate plus any acyl phosphate found in the reaction sys- 
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tem 24 minutes after enzyme addition was equivalent to only 0.28 mole of 
phosphate per mole of DPNH formed upon the addition of the enzyme. 
That the formation of DPNH was essentially independent of the inorganic 
phosphate was further shown in a similar experiment in which 24 times as 
much phosphate was present. The amount of DPNH formed corre- 
sponded closely to that found with the lower concentration of phosphate. 
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Fig. 4. Reduction of DPN+ with the dehydrogenase as the only acyl acceptor. 
The reaction mixture for Experiment A contained 4 mg. of DPN*, pH 6.8, 0.6 um 
of EDTA, and 2.7 um of pu-glyceraldehyde 3-phosphate, pH 6.7, freshly prepared 
from the recrystallized pu-glyceraldehyde 1-bromide-3-phosphoric acid in 3.05 ml. 
volume. At the time indicated by Z,, 0.1 ml. of 10-? m EDTA solution containing 
2.5 X 10-4 um of dehydrogenase was added. At the time indicated by E2, 0.15 ml. of 
10-* mM EDTA containing 0.038 um of dehydrogenase was added. The optical density 
increase at 340 my due to absorption by the enzyme isindicated. Final pH 6.5. At 
the time indicated, a 3 ml. aliquot was taken for analysis of inorganic plus any acyl 
phosphate and added to 1 ml. of cold 12 per cent trichloroacetic acid. After 10 
minutes the sample was centrifuged at room temperature, and appropriate volumes 
of sulfuric acid and molybdate were added with ferrous sulfate as the reducing agent 
for determination of the phosphate by conventional procedures with a 5 cm. light 
path. The reaction mixture for Experiment B contained, in 2.8 ml., 0.75 um of 
EDTA and 0.038 um of dehydrogenase. At the time indicated by S, 0.4 ml. of a 
solution containing 2.7 um of pi-glyceraldehyde 3-phosphate, pH 6.8, wasadded. At 
the time indicated by As, 0.1 ml. of 0.01 M arsenate was added. Final pH 6.7. The 
changes in optical density with time were measured with a Brown recording po- 
tentiometer connected with a suitable amplifier to a Beckman spectrophotometer. 
The times when measurements were not made during mixing are indicated by the 
dotted portions of the curves. All optical densities for reaction volumes less than 
3.3 ml. are calculated values equivalent to that which would be expected in the fi- 
nal 3.3 ml. volume. 
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The total amount of DPNH formed immediately after enzyme addi- 
tion in the experiment reported in Fig. 4 corresponded to 1.8 DPNH per 
mole of enzyme, and probably represents an equilibrium value for the 
experimental conditions. Further increases in the DPN*+ or G-3-P con- 
centration increased the value only slightly, and the results warrant the 
conclusion that the rapid formation of DPNH at pH 6.5 corresponds to 
the binding of a maximum of two acyl groups per mole of enzyme. The 
considerably higher ratio of DPNH to enzyme noted in Fig. 3 suggests the 
interesting possibility that, at the higher pH and different experimen- 
tal conditions, other groups of the enzyme were acting as secondary acyl 
acceptors. Further experiments are indicated in this regard. 

The DPNH formation following addition of substrate in the absence of 
added DPN+ is shown in Fig. 4, Curve B, and amounts to 0.9 mole DPNH 
per mole of enzyme. This probably corresponds to the equilibrium value 
for acyl enzyme formation without added DPN+. No increase in DPNH 
formation with time was noted, which represents an interesting difference 
in the behavior of the acyl enzyme in the absence and presence of added 
DPN*. Addition of arsenate resulted as anticipated in further reduction 
of enzyme-bound DPN*. 

The action of the added DPN?* in driving the acylation reaction (Fig. 3) 
is most readily attributed to the replacement or reoxidation of the DPNH 
on the dehydrogenase. Support for this is given by the observation that, 
following the precipitation of the enzyme from a reaction mixture as in 
Fig. 3 with the higher level of enzyme and excess DPN*+, the DPNH re- 
mained almost entirely in the supernatant fluid. The DPNH formed with 
and without the addition of DPN* to the reaction mixture and that present 
in the supernatant fluid following precipitation of the protein all showed 
the expected absorption maximum at 340 muy. 

Activation of Enzyme by EDTA and Effect of Buffers—The use of cysteine 
to obtain full activity of the enzyme, as recommended by Cori et al. (14), 
would result in interference in several of the experiments by reacting with 
the aldehyde substrates as well as the sulfhydryl reagents used. The 
ability of EDTA to replace cysteine for enzyme activation can be seen 
from Fig. 5. Concentrations of EDTA 3} or 1} times as great as in the 
experiment reported in Fig. 5 had no effect on the reaction rate. The lack 
of a lag period for attainment of full activity with cysteine, together with 
the ability of EDTA to replace cysteine for enzyme activation, indicates 
that the principal effect of these reagents was to dissociate mercaptides of 
the sulfhydryl groups of the enzyme, formed from heavy metal contami- 
nants of the water and reagents, rather than to reduce disulfides. 

In the presence of an excess of all the components of the reaction, includ- 
ing arsenate, and with either G-3-P or pt-glyceraldehyde as substrate, the 
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initial rate was greater with pyrophosphate than with trishydroxymethyl- 
aminomethane (Tham) as a buffer, but decreased rapidly with time. With 
Tham buffer constant velocities were obtained over a 23} minute period. 
However, both Tham and cysteine react with the aldehyde substrates, 
and with 10 to 20 minute incubation periods over half of the substrate may 
be lost. 





























qT | T | T | 
300 3 ol < 60 
= = 
E o|z 
° = 50 
vt ~N 
m ru} 
.200|_ _| = 40 
& 3 
oO 
_ > 30 
= E 
z a 
w 100L  & 20 
«i i P= | 
5 S 10 
& & 
© .000 err: oa Va Vie 
© 30 60 90 120 150 180 © 20 40 60 80 100 
TIME (SEC.) (MOLES D- GLYCERALDEHYDE 
PER LITER)”! 
Fig. 5 Fig. 6 


Fig. 5. Ability of EDTA to restore enzyme activity. All the cells contained, in 
3.2 ml., 1.0 mg. of enzyme, 40 um of pu-glyceraldehyde, 1 ml. of 0.03 m Veronal, pH 
8.4,2 mg. of DPNt, and1 uM of arsenate. The reactions were started by the addition 
of substrate. Curve 1, no further additions, Curve 2, 3 um of EDTA, Curve 3, 3 um 
of EDTA and 10 uM of cysteine. 

Fic. 6. Km of p-glyceraldehyde. All the cells contained, in 3.2 ml., 0.54 mg. of 
enzyme, 1.0 ml. of 0.03 m Veronal, pH 8.4, 0.9 ml. of 0.003 m EDTA, 2 mg. of DPN*, 
1 micromole of arsenate, and sufficient pu-glyceraldehyde to obtain the desired con- 
centration of the p form. The reactions were started by the addition of 0.1 ml. of 
DPN¢* and arsenate solution and measured at 30°, as described in Fig. 1. 


With Veronal buffer and glyceraldehyde as substrate, the time-course of 
the reaction was linear, but with G-3-P as substrate, Veronal inhibited the 
enzyme strongly. It may be that Veronal specifically inhibits the site on 
the enzyme where the phosphate of G-3-P is bound. 

Kinetic Experiments with Different Substrates—The possibility that the 
G-3-P dehydrogenase reaction proceeds by the initial formation of an addi- 
tion compound of the aldehyde substrate with phosphate or arsenate (19) 
may be assessed by a simple kinetic analysis. With systems containing 
two substrates which combine with each other before addition to the en- 
zyme, the relations between velocity and concentration of substrates, while 
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not necessarily giving the usual rectangular hyperbola, should be identical 
for both substrates (20). From this it follows that the experimentally 
determined K,, values under comparable conditions should be equal. 
Accordingly, the relations between substrate concentration and reaction 
velocity with glyceraldehyde or G-3-P and with arsenate were determined. 
Arsenate was used because with phosphate the back-reaction makes initial 
velocity measurements difficult. 

With G-3-P and arsenate as substrates, reasonably good confirmation 
to the Michaelis-Menten relationship was obtained in limited trials and 
the K,, values were 2.2 and 5.1 X 10-'M respectively at 15°, in 0.15 m Tham 
buffer, pH 8.1.5 The relatively small difference in the K,, values of G-3-P 
and arsenate is not regarded as a critical test of the possibility of their 
combination prior to the reaction with dehydrogenase. The results ob- 
tained with variation in the concentration of glyceraldehyde (Fig. 6), how- 
ever, give a K,, value of 0.075 , far greater than the K,, for arsenate, a 
result which rules out obligatory combination of arsenate and glyceralde- 
hyde before reaction with the enzyme as the main reaction pathway. As 
noted by others (22), glyceraldehyde was oxidized in the absence of arsenate 
but at a lower rate. For the dog muscle dehydrogenase a K,,, for p-glycer- 
aldehyde of 0.2 M was found by Holzer and Holzer (16). 

In confirmation of Biicher and Garbade (23), inhibition of the reaction 
was observed with high arsenate concentrations. <A similar inhibition was 
observed with glyceraldehyde as a substrate. This inhibition is not there- 
fore to be attributed, as suggested by Biicher and Garbade, solely to 
competition between arsenate and the phosphate of G-3-P for the same 
site on the enzyme. 

The calculated maximal turnover number for the enzyme with pL-glycer- 
aldehyde as substrate was about one-tenth of that found with G-3-P as a 
substrate. The lower rate of glyceraldehyde oxidation observed by various 
investigators (22, 24) is to be ascribed to the much higher K,, value for 
glyceraldehyde as well as to the lower rate of turnover of the glyceraldehyde 
dehydrogenase complex. 


DISCUSSION 


The results of these experiments give conclusive evidence that DPNt+ 
reduction and hence substrate oxidation can be obtained without any 
added acyl acceptor other than the enzyme itself. From these results as 
well as the evidence obtained by other workers, the following mechanism 


3 The value of the Km for glyceraldehyde 3-phosphate given in a preliminary re- 
port (21) was too high, chiefly as a result of an error in measurement of the substrate 
concentration. 





278 D-G-3-P DEHYDROGENASE 


for the G-3-P dehydrogenase reaction appears logical: 


s*"(1) © RCHO + HS-enzyme-DPN+ = RCHOH-S-enzyme-DPN* 
¢ (2) RCHOH-S-enzyme-DPN* = RCO-S-enzyme-DPNH + H* 





(3) RCO-S-enzyme-DPNH + DPN+ = RCO-S-enzyme-DPN*+ + DPNH 
(4) RCO-S-enzyme-DPN* + HR’ = HS-enzyme-DPNt + RCO—R’ 
Over-all: RCHO + DPN+ + HR’ = RCOR’ + DPNH + Ht 


HR’ is an acceptor to which the acyl group can be transferred. It is possi- 
ble, as suggested by Racker and Krimsky (8, 10), that the acyl group may 
be transferred to another site on the enzyme before combining with the 
acceptor. The results presented in this paper indicate that at pH 6.5 two 
acyl groups may be attached to each mole of enzyme. Our results also 
show that the bound DPNH can be replaced by DPN*+ before the acyl 
groups are transferred from the enzyme, as indicated in the above equa- 
tions. The possibility is not eliminated that the replacement of DPNH 
by DPN*+ might also occur after acyl transfer or that the free DPN+ oxi- 
dizes instead of replaces the bound DPNH. 

The data presented in Figs. 3 and 4 show that the reactions indicated 
by Equations 1, 2, and 3 can proceed with the natural substrate in readily 
measurable amounts in the absence of an acyl acceptor other than the 
enzyme, and represent the first successful attempt to separate the over-all 
reaction with G-3-P into its component reaction steps. The finding that 
about half of the potential DPNH was formed in the presence of excess 
substrate and the absence of the added free DPN+ at pH 6.5 gives a meas- 
ure of the equilibrium represented in Equation 2 of the postulated sequence. 
The fact that the presence of phosphate at concentrations greater than the 
total enzyme molarity did not appreciably increase the DPNH formation 
indicates that the equilibrium of Equation 4 lies considerably to the left 
when HR’ is inorganic phosphate. Stern e¢ al. (5) and Stadtman (25) have 
estimated the —AF® of hydrolysis of the acyl-S link in acetyl coenzyme A 
to be 10 to 13 kilocalories, and Meyerhof (26) has given a value of 15 kilo- 
calories as the best estimate for the acyl phosphate linkage of 1 ,3-diphos- 
phoglycerate. 

The experiments on substrate protection of the enzyme against [AA 
inactivation are most logically interpreted as indicating a combination of 
the aldehyde group of the substrate with an —SH group of the enzyme to 
give a hemimercaptal as depicted in Equation 1. Thiols are known to 
react with carbonyl compounds at neutral pH and room temperature to 
form hemimercaptals (27). Addition of carbonyl groups to thiols has been 
suggested for the glyoxylase reactions (28) and the reactions of coenzyme 
A (1). 

The reaction mechanism given above is preferred to that involving ‘‘alde- 
hydolysis” of a DPNt+-S-enzyme compound (8, 10) for several reasons. 
The most definitive experiments in this regard are those in which addition 
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of excess substrate to the enzyme without added DPN?* results in reduction 
of only half of the bound DPN+. If the only mode of addition of substrate 
were by an aldehydolysis mechanism, a reduction of 1 equivalent of DPN+ 
would be required for each substrate molecule bound. Further, the experi- 
ments on protection from IAA have shown that G-3-P can add to the 
enzyme under conditions when DPN?+ is not present; 7.e., in the presence 
of arsenate and substrate and with the enzyme treated with charcoal. 

The amperometric titration experiments show that G-3-P dehydrogenase 
has a large number of —SH groups per enzyme molecule, possibly as high 
as 14 to 15. The iodoacetate inactivation experiments show that at least 
one and probably as many as three —SH groups can be alkylated without 
impairing the activity of the enzyme. The observed arsenolysis of 1 ,3- 
diphosphoglycerate by IAA-inactivated enzyme (8, 10) indicates that this 
reaction may involve one or more —SH groups other than the minimum 
which must be alkylated by IAA for the inactivation of the substrate 
oxidation. The possibility that this arsenolysis represents a non-specific 
function of the —SH groups which are involved merits consideration. The 
importance of —SH groups in the binding of DPN?* is indicated by the re- 
cent results of Racker and Krimsky (8) and of Velick (29). Glutathione 
has been isolated from the recrystallized enzyme (10, 30), but whether 
the —SH of this glutathione is involved in the catalytic activity of the en- 
zyme is at present a matter of conjecture only. 

The findings that two —SH groups per mole can be protected from IAA 
by G-3-P and that the enzyme may accept two acyl groups per mole (pH 
6.5) correlate well with the observations that there are 2 molecules of 
DPN+ bound per enzyme molecule (14). The results favor the view that 
the enzyme has 2 equivalent reactive sites, each containing one IAA- 
sensitive —SH group. 

No explanation is apparent for the observation that the addition of 
DPN+ made the dehydrogenase more labile to IAA inactivation. Labey- 
rie, using oxidized glutathione as an inactivator, found that addition of 
DPN+ gave protection at pH values greater than 8, no effect at neutral 
pH, and augmentation of the inactivation at pH values less than 7 (31). 


SUMMARY 


The ability of p-glyceraldehyde-3-phosphate to give nearly complete 
protection of G-3-P dehydrogenase against iodoacetate inactivation has 
been demonstrated under conditions under which almost all of the activity 
was lost in the absence of substrate. The presence of arsenate or the 
removal of bound DPN+ did not diminish the ability of the substrate to 
protect the enzyme. Addition of DPN+ promoted the inactivation by 
iodoacetate. 


pu-Glyceraldehyde did not give full protection even at higher concen- 
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trations, due to its much higher K,,, which was found to be 7.5 & 10-2 m 
for the p form. 

Amperometric titrations with o-iodosobenzoate gave values of 14 to 15 to 
reductive equivalents per mole of glyceraldehyde-3-phosphate dehydro- 
genase. Of these 5 per mole disappeared when the enzyme was inactivated 
by alkylation with iodoacetate. With enzyme protected by glyceralde- 
hyde-3-phosphate from inactivation by IAA, 2 less reducing equivalents 
per mole disappeared. The results show that two —SH groups per mole 
were protected by substrate and that some of the —SH groups of the 
enzyme are not essential for catalytic activity. 

With high concentrations of enzyme and without added DPN‘, addition 
of glyceraldehyde-3-phosphate at pH 6.5 gave a reduction of 4 mole of 
bound DPN+ per mole of enzyme independent of the participation of 
inorganic phosphate. With addition of free DPN+t, 1.8 moles of DPNH 
were formed per mole of enzyme, giving good evidence for acyl enzyme 
formation with the natural substrate. These results show separation of 
the over-all reaction into its component steps. 

A mechanism of action consistent with the experimental findings is pre- 
sented, involving addition of substrate to the enzyme with formation of a 
hemimercaptal intermediate. 
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In most metabolic reactions involving ATP,! ADP and a phosphorylated 
compound or P; are formed. Conversely, ATP synthesis is accomplished 
by the addition of a third phosphate to ADP during glycolysis or the oper- 
ations of the Krebs cycle. Nevertheless, the P. of ATP has been shown 
to turn over appreciably in liver (1) and more slowly in skeletal (2) and 
cardiac muscle (3). The adenylate kinase (myokinase) reaction (AMP + 
ATP = 2ADP) is the only known mechanism which can account for these 
observations. In the present study the time-course in vivo of the specific 
activity of each of the three phosphates of ATP in liver, kidney, and muscle 
was measured as an index of their adenylate kinase activity which must 
in turn reflect the rate of AMP turnover. 


EXPERIMENTAL 


Mongrel cats, fasted for 24 hours, were used in all experiments. The 
experimental procedure, P® dosage and collection and preparation of 
samples, was essentially that of Dratz and Handler (4). Samples were 
obtained from the gracilis and adductor femoris muscles of the left leg, and 
freed of skin and fascia. When working muscle was desired, the obturator 
nerve was dissected and stimulated with an applied electrode 120 times 
per minute from the time P® was injected until 30 seconds before excision 
of the muscle. TCA extracts were prepared as described earlier (4), ex- 
cept that frozen muscle was ground with 5 volumes of cold, 10 per cent TCA 
in a Waring blendor for 4 minutes and filtered into a chilled receiver. 

The method of Sacks (5) was used to separate the insoluble barium salts 
of P;, ATP, and ADP from the other TCA-soluble phosphates. Glycogen 
was removed by adding 1.1 volumes of 95 per cent ethanol to the TCA 
filtrates and allowing the solutions to stand overnight at 3°. This step 
was omitted in the case of muscle and the TCA filtrate was neutralized 


* These studies were performed under contract No. AT(10-1)-289 between the 
Atomic Energy Commission and Duke University. 

t Public Health Service Research Fellow of the National Institutes of Health. 

1 The following abbreviations are employed: ATP, adenosinetriphosphate; ADP, 
adenosinediphosphate; AMP, adenylic acid; P;, inorganic orthophosphate; TCA, 
trichloroacetic acid. The three phosphates of ATP are designated as follows: Pi, 
Ps, and Px. 
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immediately with Ba(OH).2 to prevent hydrolysis of phosphocreatine. By 
this procedure, a precipitate was obtained which consisted of the Ba-Ca 
salts of inorganic phosphate, ATP, ADP, and phosphoglycerate. 

Separation of Inorganic Phosphate from ATP + ADP—A modification 
of the method of Kerr (6) was employed to effect separation of P; from 
amixtureof ATP andADP. By this modification 35 to 40 per cent of the 
ATP + ADP and 10 per cent of the inorganic phosphate were lost. Ina 
control experiment in which ATP and P;® were fractionated, it was found 
that the specific activity of the P; fraction did not change during the 
separation; no more than 1 to 2 per cent of the P;® was carried over into 
the ATP fraction. The ATP + ADP and P; fractions isolated by this 
method are 95 to 99 per cent pure. 

Separation of Phosphates of ATP—The ATP-ADP salt of barium ob- 
tained by the final ethanol precipitation was dissolved in cold 0.1 n HCl. 
0.7 to 1.5 ml. of 0.5 m KHSO, was added; the BaSO: was removed by 
centrifugation and discarded after two washings with ice-cold water. As 
rapidly as possible the combined supernatant liquids were adjusted to 
pH 7.4 with 1 n KOH and brought to a volume of 25 ml., and duplicate 
aliquots of 10 ml. were taken. To one aliquot 1 ml. of 10 n HNO; was 
added and the labile phosphates of ATP + ADP were liberated by hy- 
drolysis for 20 minutes at 100°. This phosphate was precipitated with 
magnesia mixture and ammonium phosphomolybdate precipitates were 
prepared. The inorganic phosphate so obtained is derived from P; + P, 
of ATP and P, of ADP. The filtrate from the magnesia mixture precipi- 
tation contains the P; of ATP and ADP in the form of ribose-5-phosphate. 
This filtrate was digested with 10 n HNO; and the phosphate was re- 
covered as ammonium phosphomolybdate (5). 

A second aliquot of the ATP + ADP solution was treated with myosin 
to hydrolyze the P; of ATP. The 10 ml. aliquot was added to a tube con- 
taining 2 ml. of glycine buffer (0.25 m, pH 9.68), 2 ml. of myosin? (2 to 4 
mg. of N per ml.), and 1 ml. of 0.015 m CaClh, and the solution was in- 
cubated for 20 minutes at 38°. 10 ml. of 10 per cent TCA were added 
and the mixture was centrifuged for 10 minutes. 1 or 2 ml. aliquots of 
the supernatant solution were immediately analyzed for inorganic phos- 
phate by the method of Fiske and Subbarow (7). Aliquots for the deter- 
mination of the remaining acid-labile phosphate were taken subsequently. 
From the ratio P3:P. + P; that of ATP:ADP in the TCA extract was 
calculated. To prevent hydrolysis, 15 ml. aliquots were pipetted into 
magnesia mixture as rapidly as possible. No more than four tubes could 
be handled at one time. 0.100 mg. of carrier P*! as sodium phosphate was 


2 The authors are grateful to I. Green and J. C. Rupp for the myosin preparations 
used in this work. Only preparations free of adenylate kinase were employed. 
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added to samples which contained less than 0.100 mg. of P; in order to 
prevent excessive loss of phosphate (4). The magnesium-ammonium phos- 
phate precipitate of the P; fraction was then dissolved and precipitated as 
phosphomolybdate. All phosphomolybdate precipitates were prepared, 
counted, dissolved, and analyzed as previously described (4). 

Calculation of Specific Activity of Second Phosphate of AT P—The specific 
activity of the P2: was not directly determined due to the difficulty in 
obtaining P, samples uncontaminated with P;. Instead, the analytical 
amounts of P; and total acid-labile phosphate were determined in each 
sample. From the analytical ratio of P3:P. and the specific activities of 
the P; and total labile phosphate samples (Ps; + Ps), it was possible to 
calculate the specific activity of the P:. To facilitate comparison of the 


TasBe I 


Relative Specific Activities* of Fractions Isolated from Kidney, Liver, and Muscle 
10 Minutes after Injection of P,** 

















Tissue Tout og |asaoR are SPREE RE 
ie eee es ba. a 
Kidney (3)f............/122.0 + 7.8$99.3 + 12.0 97.7 + 10.7 3.3 + 0.8 
LAWS (05) yea ae reenter 25.7 + 8.0 |20.0 + 3.0 16.0 + 2.6/1.7 + 0.7 
Muscle (3))...2. 205 4 2.941.4/)0.52 + 0.21)0.144 0.020.03 + 0.02 
‘¢ (120 contractions | 
per min.) (4).........| 3.0 + 0.6 | 0.60 + 0.04) 0.21 + 0.070.01 + 0.007 





* Relative to a plasma phosphate specific activity of 100 at 40 minutes (4). 
{ Animals per group. 
{ Mean + standard deviation. 


data obtained from different animals, results were expressed in terms of 
relative specific activities as previously described (4). These units are 
relative to the plasma phosphate specific activity 40 minutes after in- 
jection of P® which was arbitrarily considered to be 100. Table I sum- 
marizes the data obtained at 10 minutes. 


DISCUSSION 


Calculation of the absolute rate of turnover of the phosphates of ATP 
is not possible from the present data. The differences observed among 
ATP-P; in the three tissues reflect the rates of entry of P;* into the various 
cell types as calculated previously (4) rather than the turnover of ATP. 
This is also illustrated by the failure of stimulated contractions to affect 
the activity of muscle ATP-P3, a process expected to accelerate ATP turn- 
over. In all tissues it appeared that P; and ATP-P; attained isotopic 
equilibrium shortly after administration of P;. This is in accord with 
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the turnover rate of ATP which may be approximated by other means. 
From Qo, values of 21, 15, and 3 ul. per mg. of dry weight per hour, and 
ATP concentrations of 6.6, 7.4, and 31 um per gm., in kidney, liver, and 
resting muscle, respectively, and, assuming a P:O ratio of 3, the turnover 
time of all of the P; of ATP in each of these organs should be 2, 3, and 60 
seconds, respectively. 

Slater (8), Barkulis and Lehninger (9), and Kielley and Kielley (10) 
have indicated that, when myokinase activity is inhibited by fluoride, ADP 
is phosphorylated much more rapidly by respiring mitochondrial suspen- 
sions than is AMP. More recently, Lindberg and Ernster (11) have con- 
cluded that AMP is an immediate phosphate acceptor, but this has been 
denied by Slater and Holton (12) who observed no phosphorylation of 
AMP by respiring cat heart sarcosomes. Since ADP is also the specific 
acceptor of phosphate from enol phosphopyruvate (13) and from 1,3- 
diphosphoglycerate (14), it appears, therefore, that any activity found in 
P, of ADP or ATP, after introduction of P;*®, must be derived from P;* 
of ATP via the adenylate kinase reaction. Thus, the rate at which the P, 
of ADP + ATP attains a specific activity identical with that of the P; 
is a measure of the adenylate kinase activity of that tissue. In Fig. 1 is 
plotted the ratio P2: P3, as a function of time, for kidney, liver, and muscle. 
The P, of the kidney had 95 per cent of the specific activity of the P; at 
10 minutes, and at 20 minutes equilibration was complete. In the liver 
the process was somewhat slower; after 10 minutes the P. was about 80 
per cent as active as the P;. In contrast, at 20 minutes the specific ac- 
tivity of muscle P2 was less than 50 per cent of that of P; and, even after 
60 minutes, the P, was only 75 per cent as active as P;. Although ade- 


nylate kinase activity was originally observed only in muscle (15), , 


Kotel’nikova (16) has recently prepared liver and kidney extracts with 
activity equal to that from muscle. Jn situ, the situation appears to be 
reversed; the adenylate kinase reaction occurs more vigorously in kidney 
and liver than in muscle. 

The adenylate kinase content of muscle must be presumed to equal, if 
not exceed, that of the kidney and liver and should not, therefore, limit 
the rate at which ADP is produced from AMP. Since all three tissues 
contained considerably less AMP than ATP, and under aerobic conditions 
the ATP concentration in each tissue remains constant, ATP should not 
be the limiting factor in this reaction. Therefore, in tissues with adequate 
supplies of adenylate kinase and ATP, it is likely that the rate of AMP 
formation, from all sources, in turn determines the rate of ADP formation 
by the adenylate kinase path. Thus, the specific activity of P» is also an 
indirect measure of the rate of AMP production which is, therefore, great- 
est in kidney, somewhat slower in liver, and markedly slower in muscle. 
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The relative rates of P. turnover in the three tissues may be correlated 
with the fact that in kidney the ADP concentration equals that of ATP, 
in liver there is somewhat less ADP, while in resting muscle there is al- 
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Fig. 1. Relative activity of P2 (@) and P; (O) of ATP and ADP as a percentage 
of the activity of the terminal phosphate (P3) after administration of inorganic P*. 


most no ADP. Since synthesis of AMP de novo is relatively slow, as in- 
dicated by the specific activity of the P, fraction, it appears that me- 
tabolism of ATP over routes which involve transfer of a pyrophosphate 
group is a major path in kidney and liver but not in muscle. 

The small differences observed between resting and working muscle are 
not statistically significant; these data are similar to those obtained by 
Flock and Bollman (2). The immediate phenomenon occurring in a 








288 ADENYLATE KINASE IN VIVO 


muscular contraction is considered to be the formation of ADP from ATP. 
If the supply of ATP and its regeneration from glycolysis and the oxidative 
reactions of the Krebs cycle were insufficient to meet the energy require- 
ments of the contracting muscle, dismutation of ADP by reversal of the 
adenylate kinase reaction might provide ATP to meet the demands. 
However, in muscle contracting aerobically at the rate of 120 twitches per 
minute, this system does not appear to be utilized, signifying that in 
muscle, as in other tissues, adenylate kinase serves not as an ATP genera- 
tor but as a catalyst for the synthesis of ADP from AMP. 


SUMMARY 


The time-course of the specific activity of inorganic phosphate and of 
the three individual phosphates of ATP and ADP from kidney, liver, and 
muscle was determined, after intravenous administration of P;*® to cats. 
In all three tissues the uptake of radiophosphate was most rapid in the 
terminal phosphate, somewhat slower in the second phosphate, and much 
slower in the stable phosphate. The second phosphate exhibited more 
than 90 per cent of the activity of the terminal phosphate after 10 minutes 
in kidney and 20 minutes in liver. In muscle, the second phosphate 
showed only 40 per cent of the activity of the terminal group at 20 minutes 
and 75 per cent after 1 hour. Stimulated contractions were without 
effect on the incorporation of P* in muscle. The metabolic implications 
of these findings are discussed. 
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THE INTERACTION OF 4-AMINOSALICYLIC ACID WITH 
BOVINE PLASMA ALBUMIN* 


By FRANK 8. PARKER anp SARA 8S. WEED 
(From the Department of Biology, Bryn Mawr College, Bryn Mawr, Pennsylvania) 


(Received for publication, March 12, 1953) 


4-Aminosalicylic acid (p-aminosalicylic acid (PAS)) is a compound which 
has been used frequently in the chemotherapy of tuberculosis either by 
itself or in combination with streptomycin. The binding of PAS by plasma 
albumin may be important in the antitubercular activity of this com- 
pound and in its distribution in the tissues and fluids of patients receiving 
this drug. Similar interactions between antimalarial compounds with 
proteins, nucleoproteins, and nucleic acids have been studied in detail 
recently by spectrophotometric methods (1-4). Such interactions also 
provide information concerning the studies in general of the binding of 
organic ions by large molecules. 


EXPERIMENTAL 


Materials—Protein solutions were prepared with crystalline bovine 
plasma albumin obtained from Armour and Company. Corrections for 
water content of the albumin were made by drying small samples to 
constant weight at 110°. The concentration of protein in the solutions 
used was near to 0.1 per cent (weight per volume), as described later in 
this paper. A value of 69,000 was adopted for the molecular weight of 
bovine plasma albumin (5). The sample of PAS used was kindly donated 
by Merck and Company, Inc. The sample, when twice recrystallized 
from methyl alcohol, had a decomposition point of 141° (uncorrected). 

Buffers were prepared from reagent grade salts and acid. Buffer solu- 
tions were standardized on a Beckman model G pH meter against standard 
acetate buffer, which had previously been standardized by means of a 
hydrogen electrode. Standard acetate buffer (6) is a solution 0.1 molar 
with respect to acetic acid and sodium acetate; it was assigned a pH num- 
ber of 4.64 at 30°, the temperature of all the pH measurements made. 

Dialysis Experiments—The method used was essentially like that de- 
scribed by Klotz et al. (7) with modification. Cellophane bags, prepared 
from Visking sausage casing, were filled with a measured amount of the 
buffered protein solution of 1.4 X 10-5 m (corrected) concentration of 

*The work reported in this paper was aided by a Frederick Gardner Cottrell 


grant from the Research Corporation and a grant from the Madge Miller Fund of 
Bryn Mawr College. 
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protein. The bags were immersed in a buffered solution of the PAS in 
sealed containers and were then allowed to stand 72 hours at 5.5° for the 
attainment of equilibrium. For each concentration of PAS a control bag 
was also prepared, to allow corrections to be made for any PAS bound to 
the cellophane. The control bag differed from the other bag only in 
that the former contained no protein inside, but only a buffer solution. 
When equilibrium was attained, the PAS concentration outside each bag 
was determined spectrophotometrically (at 266 mu). No differences could 
be observed between the pH values of solutions inside and outside the 
bags. 

Spectrophotometric measurements were made with a Beckman DU pho- 
toelectric quartz spectrophotometer, the cuvette compartment of which 
was equipped with plates through which water was circulated from a 
constant temperature bath to maintain the solutions at 30° + 0.2°. The 
cuvettes were made of fused silica and had an optical path of lem. Blank 
solutions were identical with the corresponding test solutions, except for 
the omission of PAS. PAS was found to obey the Bouguer-Beer law over 
the concentration range studied. 


DISCUSSION 


Experimental Results—In order to study the binding properties of the 
systems it was necessary to make observations of the effects of pH change 
on the absorption spectra of PAS. Typical absorption spectra of PAS in 
aqueous systems are given in Fig. 1. Absorption data are reported as 
molar absorption coefficients, e, which are defined by the equation, —log T 
= D = el, in which T is the transmittancy, D is the optical density, c 
is the concentration of PAS in moles per liter, and / is the length (1 cm.) 
of the light path through the solution. For the curves in Fig. 1, all the 
solutions were 10-° m in PAS. 

The data for the interaction between PAS and bovine plasma albumin 
in phosphate buffers are presented in Fig. 2. The ratio, r, moles of bound 
PAS per mole of protein, is plotted as a function of the concentration of 
the free ion, in equilibrium with the protein complex. At pH values of 
6.4 and 7.4, the PAS ion exists in solution predominantly in the form 
NH:2-CesH;(OH)COO- based upon data given by Fallab et al. (8), showing 
the pK for NH; to be 1.7 and the pK for COOH to be 3.9. Our titration 
data indicate that the phenolic OH group is not dissociated in the range 
of pH 6.4 to 7.4, but has a pK’ of 10.03 + 0.02 (at 27°). 

The curves in Fig. 2 show that PAS is more strongly bound to albumin 
at pH 6.42 and ionic strength 0.1 than at pH 7.37 at the same ionic strength. 
Also, the data indicate that with a 10-fold increase in ionic strength the 
binding strength decreases, but at ionic strength 1.0 there is little or no 
change in binding strength as the pH changes from 6.37 to 7.39. 
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1 Calculation of Binding Constants for First Complex—Klotz (9) and Scat- 
e chard (10) have derived equations for the multiple interaction of small 
molecules with a large molecule. The process involved in the interaction 
0 
n q T | ! | q | | ! 
¥ 10-- a 
g —_ 

d 8 a 
ie — 
)- o6 = 
h pa = 
a 4 pel 
1e = 
ik 2 pl 
or 
™ N ! ! N \ 
230 250 270 . 290 310 330 
Ain mp 
Fic. 1. Effect of pH on absorption spectra of PAS. Curve 1, approximately 0.1 

he nN HCl, pH 1.10; Curve 2, phosphate buffer, ionic strength0.1, pH 5.98; Curve 3, phos- 

phate buffer, ionic strength 0.1, pH 6.97; Curve 4, approximately 0.001 n NaOH 
ge ’ 
pH 10.80. 
in 
as 4.0 T Ul ' T T T Uy T T , qT 1 1 
= 

ne 7 J 

a.) 
he 3.0F i 

rin 4 é 

nd r 
of 
of 

rm 

ing 

ion 

nge 

nin “6.0 -56 -52 “48 -44 -40 -36— 

4} LOG FREE (CPAS] 

th. 

the Fig. 2. Effect of pH and ionic strength on binding of p-aminosalicylate by bovine 

albumin. r versus log free (PAS). @, pH 6.42, ionic strength, » = 0.1; O, pH 7.37, 
no ionic strength, » = 0.1; A, pH 6.37, ionic strength, » = 1.0; ©, pH 7.39, curve not 
drawn, » = 1.0. 











292 BOVINE PLASMA ALBUMIN 


between protein and a small organic ion is described by the equation 
PA;i + A = PA; (1) 


where P represents protein and A represents free small organic ion, in 
this case free, unbound p-aminosalicylate. To calculate the values for 
ky, the first association constant (¢ = 1), we have used plots of r/(PAS) 
versus r, in accordance with Scatchard’s treatment when electrostatic fac- 
tors are negligible as they appear to be in our study. Plots based on 
the equation 


r 
a" = * (2) 


made it evident that no reliable value of n, the maximal number of sites 


TaBLeE I 
Association Constants for First Complex Formed between p-Aminosalicylate Ion and 
Bovine Albumin 
The temperature was 5.5°. 





pH Tonic strength ki 

B 
6.42 0.1 1.7-X.104 
7.37 0.1 1.4 X 104 
6.37 120 1.0 X 10 
7.39 1.0 1.0 X 104 











on the protein available to the PAS anion, can be determined, since long 
extrapolations to the abscissae are involved. However, the value for k; 
can be determined readily, since k; is equal to nk. The product nk can 
be obtained from Equation 2, since this product is equivalent to the in- 
tercept on the ordinate in a plot of r/(PAS) versus r. The intercept is 
obtained by an extrapolation to low values of r and correspondingly low 
concentrations of PAS, a region for which we have adequate experimental 
data. Values obtained for k; are given in TableI. These values are useful 
for comparing the relative degrees of binding of the antitubercular drug 
to a plasma protein. In a study of the absorption, distribution, and ex- 
cretion of PAS in rats, dogs, and man, Way et al. (11) reported that the 
sodium salt of PAS is rapidly and totally absorbed and rapidly excreted. 
Temporarily the highest concentrations are found in the kidneys, lungs, 
and liver, and appreciable amounts are bound by plasma proteins. Our 
study would indicate that plasma albumin is partially responsible for this 
binding. Further studies are contemplated with other protein material. 
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SUMMARY 


The interaction of p-aminosalicylic acid with bovine plasma albumin 


has been evaluated by spectrophotometric methods at pH values 6.4 and 
7.4 and ionic strengths 0.1 and 1.0. The interactions are stronger at ionic 
strength 0.1 than at ionic strength 1.0. At ionic strength 0.1 the interac- 
tion is stronger at pH 6.4 than at pH 7.4. At ionic strength 1.0 a change 


in 


pH from 6.4 to 7.4 causes little or no change in the strength of inter- 


action. 


amr Wh 


Changes in PAS spectrum with change in pH are presented. 
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ULTRAMICROSPECTROPHOTOMETRIC DETERMINATION OF 
CYTOCHROME OXIDASE FOR QUANTITATIVE 
HISTOCHEMISTRY* 


By HELEN H. HESSt anp ALFRED POPE 


(From the McLean Hospital Research Laboratories, Waverley, Massachusetts, and the 
Department of Neuropathology, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, February 19, 1953) 


During the course of studies upon the quantitative cytoarchitectonic 
distribution of enzymes in mammalian cerebral cortex, the need arose for 
a rapid ultramicromethod for assay of cytochrome oxidase activity in 
samples of fresh tissue weighing as little as 50 +. 

The Cartesian diver micro respirometer has been used for manometric 
assay of cytochrome oxidase in unicellular organisms (1, 2) and in fertilized 
ova (3, 4). Although such a method possesses the required sensitivity, 
microspectrophotometry, when suitably adapted, offers many advantages 
in terms of speed and convenience for multiple assays. 

Microcolorimetric assay procedures for cytochrome oxidase have been 
described which depend upon spectrophotometric observation of the rate 
of oxidation of cytochrome c (5) or of a dye added to the system (6). Both 
are essentially micromodifications of standard methods for measurement 
of cytochrome oxidase activity (6-8). Neither provides sufficient sensi- 
tivity for its assay in small slices of human cortex, and both utilize dilute 
crude tissue homogenates without centrifugation. The opacity of even ~ 
highly diluted homogenates renders accurate spectrophotometric work diffi- 
cult. In order to increase the sensitivity by use of more concentrated 
homogenates, a method has been developed which utilizes the clarifying 
action of sodium desoxycholate upon crude homogenates. The ability of 
bile salts to disperse components of the succinic oxidase complex has been 
noted and employed to advantage by several investigators (6, 9-15). A 
crude homogenate prepared in the presence of bile salts can be centrifuged 
to yield a clear supernatant fluid which retains essentially all the cyto- 
chrome oxidase activity of the sample. An aliquot of the supernatant 
fluid can then be tested for cytochrome oxidase activity by following the 
rate of oxidation of reduced cytochrome c with a Beckman spectrophoto- 
meter, as adapted for microtechniques by Lowry and Bessey (16). 


* This investigation was supported (in part) by a research grant (MH-295) from 
the National Institute of Mental Health of the National Institutes of Health, United 
States Public Health Service. 

+t Postdoctorate Research Fellow of the National Institute of Mental Health, 
National Institutes of Health, United States Public Health Service. 
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This article describes in detail such a micromethod, developed and stand- 
ardized with rat and human brain, together with the results of its applica- 
tion to the measurement of cytochrome oxidase activity in various tissues 
of the rat. The method is simple, rapid, and especially useful for quantita- 
tive histochemical procedures of the sort developed by Linderstrém-Lang 
and Holter (17, 18). 


Micromethod for Cytochrome Oxidase 


Preparation of Tissue Homogenate'—Uniform frozen sections of tissue, 
2 mm. in diameter and 20 yu in thickness, are cut at —12° with a rotary 
microtome and used alternately for cytochrome oxidase assay and dry 
weight determination. The desiccated slices are weighed on an ultramicro 
balance of the type devised by Lowry (19). Each of the sections for cyto- 
chrome oxidase assay is placed in a chilled micro homogenizer which is 
illustrated in Fig. 1.2 30 to 120 ul. of 0.75 per cent sodium desoxycholate 
solution are added (the amount depending upon the expected level of 
oxidase activity of the tissue),* and the tissue is homogenized for 1 minute 
with the homogenizer partially immersed fer-+ minute with the homogenizer 
homogenate is pipetted into a micro centrifuge tube, which is held in the 
cup of a clinical centrifuge by means of a wooden block as described by 
Anfinsen (21) and centrifuged 10 minutes at 2800 r.p.m.* An aliquot of 
the clear supernatant fluid is used without delay for enzyme assay. As an 
added precaution, in our laboratory the homogenization and centrifuga- 
tion steps are carried out in a cold room maintained at 4°. 

Cytochrome c Solution—The cytochrome c solution consists of 2.5 10-5 
M, reduced cytochrome c in 0.05 m, disodium phosphate buffer, pH 7.1. 
Reduction is accomplished by adding an amount of sodium hydrosulfite 
sufficient to give a concentration that is 0.001 m. The preparation is then 
aerated by shaking for 3 minutes to oxidize excess reducing agent. A 


! Glass-redistilled water was used throughout. 

2 Ground glass micro homogenizers were made to specifications by the Macalaster 
Bicknell Company, Cambridge, Massachusetts. 

3 Slices of rat spleen were homogenized in a volume of 30 ul., brain, liver, and 
skeletal muscle in 60 yul., and heart and kidney in 120 yl. of sodium desoxycholate 
solution. 

4 Micro test-tubes for centrifuging homogenates were made from 3 to 4 mm. glass 
tubing. Pipettes for transferring homogenate to micro test-tubes as well as the 
test-tubes themselves were prepared for each experiment and discarded after use. 

5 Cytochrome c was made up daily in phosphate buffer from a stock solution con- 
taining 0.1 gm. of cytochrome c per ml. of redistilled water, kept refrigerated at 4°. 
Cytochrome c was obtained from the Sigma Chemical Company, St. Louis, Missouri, 
free of sodium chloride and ammonium sulfate, and over 90 per cent pure by spectro- 
photometric analysis. 
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cytochrome c preparation should be used which has a very low autoxidation 
rate. Autoxidation may be minimized by keeping the phosphate-buffered 
cytochrome c solution at 4° before and during the course of a series of 
analyses. 
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Fia. 1. Ground glass micro homogenizers, designed in this laboratory as a micro- 
modification of those originally described by Potter and Elvehjem (20). The pestle 
is driven by an electrical stirrer. 

Fig. 2. Cytochrome oxidase activity is demonstrated by the decreasing optical 
density of the reaction mixture during the course of reaction. Curve 1, obtained 
with human cerebral cortex (biopsy specimen), a tissue having low oxidase activity. 
The change in optical density with time is linear for 3 minutes. The complete sys- 
tem consisted of 2.5 X 10-5 m cytochrome c in 65 ul. of 0.05 m disodium phosphate 
buffer, pH 7.1, and a 5 wl. aliquot of the enzyme preparation (a slice of 39.7 y dry 
weight homogenized in 30 ul. of 0.75 per cent Na desoxycholate). Curve 2, obtained 
with rat heart, a tissue having high cytochrome oxidase activity. The reaction 
kinetics are of a zero order for 14 minutes only (a slice of 21.1 y dry weight homogen- 
ized in 120 yw). of desoxycholate and 5 ul. of aliquot for assay). 


Enzyme Assay—All the enzyme assays are performed in an air-condi- 
tioned room maintained at 22°. 65 ul. of buffered cytochrome c solution 
are pipetted into a micro cuvette of the type described by Lowry and | 
Bessey (16), having a light path of 1 cm. and a capacity of 50 to 300 ul. 
5 wl. of enzyme solution are added, and mixing is accomplished with a fine 
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glass stirring rod and side to side tilting of the cuvette. The cuvette is 
immediately introduced into the Beckman spectrophotometer. The opti- 
cal density of the mixture at 550 my is recorded at 15 or 30 second intervals 
for a period of 3 minutes. The rate of decrease of the specific absorption 
of reduced cytochrome c at 550 my is a measure of its rate of oxidation and 
hence of the cytochrome oxidase activity of the sample. 

Expression of Resulis—Fig. 2 illustrates typical decay curves obtained 
with homogenates of rat heart and human cerebral cortex. Optical density 
readings at 550 my are plotted against length of reaction time. The result- 
ing curve is linear for the first 2 minutes in the case of the very active rat 
heart preparation and for 3 minutes with the human brain preparation, 
indicating zero order reaction: kinetics during this period. Cytochrome 
oxidase activity may, therefore, be expressed as optical density change per 
minute per microgram dry weight during this initial linear phase of the 
reaction.® 

For the best results, especially when assaying samples of low oxidase 
activity, the optical density decrement due to autoxidation of the cyto- 


6 The turnover of cytochrome c in micromoles per mg. dry weight per hour and 
the oxygen uptake in microliters per mg. dry weight per hour can be calculated from 
the optical density change according to fundamental equations described by pre- 
vious authors (22-24): 


log Ip/I 


(CyFet**) in moles per 1. = 
Kao — apr) 


—arXCl 


where C is the total cytochrome c concentration in moles per liter, / the length of 
the light path in cm., and ao and ap, the molecular extinction coefficients of oxi- 
dized and reduced cytochrome c at 550 muy, are 0.84 X 104 and 2.80 X 10‘, respec- 
tively. This equation may also be expressed in the form, (CyFe***) in moles per 
liter = (dp — d)/(1.96 X 10‘), where the light path is 1 cm., dz is the optical den- 
sity after addition of sodium hydrosulfite, d; the optical density at time ¢ during the 
enzyme reaction, and 1.96 X 10‘ is the difference between ar and ap. From these 
equations the following expressions can be obtained, where the volume of the react- 
ing solution is 7 X 10-5 1.: 


Cy c oxidized in uM per mg. dry weight per hr. at 22° 


(AD/y dry weight per min.) X 10* X (7 X 10-5) X 60 X 10° 
1.96 X 104 





(AD per y dry weight per min.) X 214 
O:2 utilized in ul. per mg. dry weight per hr. at 22° 


22.4 
AD per y dry weight per min. X 214 X ri 


ll 


AD per y dry weight per min. X 1200 
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chrome c should not be greater than 0.004 unit per minute at 22°. Before 
each series of samples, an autoxidation curve, with distilled water instead 
of the tissue homogenate, must be made and the result subtracted from 
the optical density change for each sample. That an excess of oxygen is 
present in the final reaction mixture can be calculated from the solubility 
of the gas in water at 22°. 
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MICROGRAMS DRY WEIGHT OF TISSUE IN CUVETTE 
Fic. 3. Variation of oxidase activity with tissue concentration, with rat heart 
with two strengths of cytochrome c. O, 2.4 X 10-5 m cytochrome c; A, 3.0 X 10-5 
mM cytochrome c. When the change in optical density per minute exceeds 0.150 unit 
in this system, even with the higher concentration of cytochrome c, zero order kine- 
tics are no longer observed; the reaction becomes first order and the activity meas- 
ured varies with the concentration of cytochrome c. 


Study of Optimal Conditions of Assay 


Rat and human brain were the tissues used in investigating the effect of 
varying the concentration of the reagents and other factors. 

Cytochrome c Concentration and Tissue Dilution—A cytochrome c con- 
centration was chosen such that, when reduced, the solution would have 
an optical density in the neighborhood of 0.6 to 0.7 unit, which would 
therefore be near the mid-point of the instrument scale, where readings 
may be taken most accurately. 

Fig. 3 demonstrates that cytochrome oxidase activity varies with tissue 
concentration in a linear fashion, provided an excess of reduced cytochrome 
c is present. A cytochrome c concentration of 2.5 X 10-> is sufficient 
for the assay of enzyme solutions producing an optical density change 
between 0.010 and 0.100 unit per minute in the reaction mixture. For 
preparations giving up to 0.150 unit of optical density change per minute, 
a concentration of 3.0 X 10-° m cytochrome c is adequate. The deviation 








300 MICROASSAY OF CYTOCHROME OXIDASE 


from the linear curve with higher concentrations of tissue extract indicates 
that an excess of reduced cytochrome is no longer present in the reaction 
mixture. 

A concentration of 2.5 X 10-> m cytochrome c was chosen for standard 
use. The dilution of the enzyme preparation was adjusted in order that 
the optical density decrement per minute in the final reaction mixture 
would be between 0.010 and 0.100 unit. Within this specified range, cyto- 
chrome c is present in excess, for the use of a higher concentration of cyto- 
chrome c results in a curve with the same slope, as inspection of Fig. 3 will 
reveal. 

Effect of Varying Buffer Concentration—High concentrations of phosphate 
buffer (0.2 m and above) inhibited cytochrome oxidase activity. Maximal 
activity was observed with a 0.05 m buffer. Disodium and dipotassium 
phosphate buffers appeared to be equally effective. The inhibitory effect 
of high phosphate buffer concentrations has been described by several 
investigators (6, 25, 26). 

Effect of Varying pH of Buffer—Maximal enzyme activity was demon- 
strated within the pH range of 6.9 to 7.4; higher or lower pH was inhibi- 
tory. A pH of 7.1 has been used in all work reported in this article. No 
significant change was produced in the pH of the buffer by the small 
amounts of sodium hydrosulfite and sodium desoxycholate present in the 
final assay mixture. 

Effect of Variation of Sodium Desoxycholate Concentration—Bile salt con- 
centrations in excess of 1 to 2 per cent were found to inhibit the activity of 
cytochrome oxidase. In the range between 0.3 and 1.0 per cent there was 
no great change in activity, but below 0.3 per cent the activity rapidly 
decreased. Maximal activity was observed with 0.75 per cent solutions. 
The inhibitory effect of higher concentrations of desoxycholate has been 
noted previously (6, 25, 27). Buffering the desoxycholate solution with 
phosphate over a wide range of pH and at varying ionic concentrations 
did not improve its effectiveness; the use of buffer alone for homogenizing, 
followed by centrifugation, yielded a clear but relatively inactive super- 
natant fluid. 

Homogenization—Homogenization was found to be complete after 1 min- 
ute. Resuspension and gentle rehomogenization of the precipitate ob- 
tained by centrifugation resulted in a supernatant fluid containing no 
additional cytochrome oxidase activity, indicating that full extraction had 
occurred at the first homogenization. Homogenization of slices for longer 
than 1 minute led to a lowered enzyme activity, presumably due to local 
heating and denaturation at the surface of the homogenizer. 

Centrifugation Time—For most tissues homogenized as previously de- 
scribed, 10 to 12 minutes of centrifuging are required for obtaining a clear 
supernatant fluid; occasionally this must be prolonged to 15 minutes. 





VIIM 


a a a oe ~~ oo ~~ Dee — fr =" 3c re © 3 © 8S 


ae: Sa eee ee ae ae ae” a | 


iad 
ger 
cal 


ear 





H. H. HESS AND A. POPE 301 


Study of Cytochrome Oxidase Activity in Rat Tissues 

The cytochrome oxidase method described above has been used upon a 
number of tissues of the rat in order to make possible comparison of results 
obtained with values to be found in the literature. Sherman strain adult 
male and female albino rats were killed by decapitation. Tissues to be 
assayed were removed and frozen immediately in a dry ice chest. After 
1 hour or longer they were transferred to a cold room at —12°. From each, 
a cylinder of tissue 2 mm. in diameter was punched out with a metal cork 
borer and subsequently cut into serial, 20 » thick, horizontal, frozen sec- 
tions by means of a rotary microtome. 

Sampling of Tissues—Seven tissues from eight or more rats have been 
assayed for cytochrome oxidase activity. Frozen cylinders of heart (left 
ventricle), liver, kidney cortex, cerebellum, skeletal muscle, and spleen were 
punched out so that their long axes were perpendicular to the external 
surface of the tissue. At a depth of 400 to 500 » from the surface, eight or 
more slices were cut and used alternately for measurements of dry weight 
and for cytochrome oxidase assay, thus providing quadruplicate determi- 
nations upon each specimen. 

In addition, ten experiments upon the cytoarchitectonic distribution of 
cytochrome oxidase activity in rat somatosensory cortex have been carried 
out in a manner analogous to studies upon other enzymes previously re- 
ported from this laboratory (28). These will be described in detail else- 
where, but the mean activities for cerebral cortex as a whole are included 
with the other results on rat tissues. 

The results are shown in Table I in terms of change in optical density 
per minute per microgram dry weight. The mean activities for the differ- 
ent tissues are also expressed on a percentage basis with heart assigned a 
value of 100. Mean activities have also been calculated in terms of micro- 
liters of oxygen consumed per mg. dry weight per hour, as measured at 22° 
and converted to 37° by multiplying by a factor of 3, assuming the activity 
of the enzyme to be doubled for each 10° rise in temperature. In Table 
II, the results obtained by other investigators with both manometric and 
spectrophotometric techniques are summarized. The absolute values are 
expressed in the authors’ original terms. For comparative purposes, each 
set of data is also expressed on a percentage basis; the heart is assigned a 
value of 100. We have used this manner of comparing results because the 
diversity of conditions under which cytochrome oxidase activity has been 
measured and the different activity units used in reporting results by 
various authors make direct comparisons unsatisfactory. 

With the exception of Smith and Stotz (6), who used the spectrophoto- 
metric dye method, all the authors seem to agree that heart muscle is by 
far the most active tissue. The other tissues are most frequently reported 
in the following order of decreasing activity: kidney, brain, liver, skeletal 
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muscle, and spleen. From inspection of Table II it is obvious that results 
obtained with our method are in essential agreement with those reported 
by other authors. Our values for brain are relatively higher than many 
others reported; this may in part be explained by the fact that our sample 
included only the layers of gray matter in the case of cerebral cortex and 
only small amounts of white matter in the case of cerebellum. The values 


TaBLe | 
Cytochrome Oxidase Activities of Rat Tissues 


The values are expressed as changes in optical density per microgram dry weight 
per minute X 10%. Each value represents an average of four or more determina- 
tions. 





Tissue 





Experiment No. | | | | 
Heart Kidney | Cerebel- | Cerebral | 

















| 
| ceattiele) cortex lum cortex | Liver | pres. Spleen 
1 | si.0| 46.0 | 44.0] 40.8 | 26.8 | 28.2 6.5 
2 | 110.0 | 59.3 | 53.0 | 51.6 | 24.8 | 37.2 | 8.9 
3 | 96.0 | 72.3 | 55.8 | 51.8 | 22.8 | 28.9 | 13.4 
4 | 104.5 | 78.2 | 52.4 | 51.5 | 26.3 | 36.9 | 11.0 
5 |} 89.1 | 68.0 | 49.6 | 44.3 | 22.6 | 31.1 | 13.3 
6 107.4 | 67.3 | 43.5 | 40.8 | 27.8 | 29.2 | 11.3 
7 109.9 | 40.4 | 45.8 | 41.7 | 26.6 | 43.4, 9.3 
8 104.8 | 65.0 | 43.0 | 33.0 | 31.3 | 26.3 | 13.8 
9 112.4 34.2 | | 8.1 
10 36.5 | 8.5 
Average.............. 101.7 | 62.1 48.4 42.6 | 26.1 32.6 | 10.4 
La Soe 10.1 | 12.1 4.64| 6.74] 2.64] 5.51 | 2.39 
ee ee 100 61.1 | 47.6 | 41.9 | 25.6 | 32.0 | 10.2 
Average activity as 
c.mm. O; per mg. dry} 
weight per hr. at | | 
__ ee teded be 3660 | 224 | 174 | (158 94.0 | 117 37.4 














reported by us for skeletal muscle are also relatively high; this may be due 
to a difference in activity of the various skeletal muscles as well as the pres- 
ence or absence of fascia and tendon in the sample; the sample used in 
this work included only the central part of the belly of the muscle. 
Although the activity of cytochrome oxidase decreased rapidly when 
homogenates or supernatant fluids were allowed to stand at room tempera- 
ture, organs stored in a dry ice chest retained full activity over a period of 
weeks. Rat cerebral cortex after 8 months storage was found to have an 
activity 90 per cent of that of the original fresh tissue. Slices allowed to 
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stand 24 hours at —12° showed no significant loss of activity. Slices of 
rat cortex, dried in a desiccator and allowed to remain 24 to 48 hours or 
more at room temperature, retained 85 to 90 per cent of the activity of ad- 
jacent fresh slices. The loss in activity in human cortex so treated seems 
greater; desiccation and exposure to room temperature for 24 hours re- 
sulted in a 30 per cent decrease in activity. 


DISCUSSION 


The cytochrome oxidase method described above combines the advan- 
tages of speed, simplicity, and high sensitivity to a greater extent than 
others hitherto reported. It will measure the cytochrome oxidase activity 
contained in less than 0.2 y dry weight of an active tissue such as rat heart 
(and as little as 3.0 y dry weight of a relatively inactive tissue such as 
human cerebral cortex) in 70 yl. of final test solution. Thus cytochrome 
oxidase activity can be determined in rat heart slices of approximately 1 
y dry weight homogenized in 30 ul. of sodium desoxycholate, with 5 ul. of 
supernatant fluid used as the aliquot for enzyme assay. For human brain 
under these conditions, approximately 15 y dry weight of tissue are suffi- 
cient. By decreasing the size of the homogenizers, the size of the samples 
could undoubtedly be still further reduced. 

Two interrelated factors are chiefly responsible for the high degree of 
sensitivity of the method. The first is the use of a clear enzyme prepara- 
tion. Higher concentrations and greater volumes of such a preparation 
can be added to the cytochrome solution without appreciably increasing 
the non-specific absorption of the reaction mixture. By thus eliminating 
the optical density increment due to opaque samples, it becomes possible 
to use higher concentrations of cytochrome c while keeping optical density 
readings in mid-scale where they can be accurately made. This second 
factor provides an excess of cytochrome c, so that the reaction rate is in- 
dependent of the concentration of cytochrome c and determined by the 
concentration of the oxidase which operates at maximal capacity. Con- 
sequently, enzyme activity can be expressed in terms of the reaction rate 
during this initial zero order phase. By making suitable dilutions of tis- 
sue extracts, the method can be used to assay the cytochrome oxidase ac- 
tivity of tissues having a wide range of activities. 

The reproducibility of the over-all procedure for most rat tissues may 
be estimated as within +5 per cent. Aliquots from the same homogenate 
give identical curves if tested within a reasonable time interval (1 to 2 
hours storage at 4°). The activities of adjacent slices of tissues having a 
uniform histological composition such as liver are frequently within 1 to 5 
per cent of each other. 

This method should prove of value in determining relative cytochrome 
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oxidase activities of tissues where the dividing line between normal and 
abnormal, or between one kind of tissue and another, is microscopic in di- 
mension. Although it has been described as a micromethod, it may also 
be applied to assay on a larger scale. 


SUMMARY 


1. A rapid, sensitive, ultramicroassay method for cytochrome oxidase 
activity, based upon direct spectrophotometric observation of the rate of 
oxidation of reduced cytochrome c, has been described. The high sensi- 
tivity is due to use of (1) an enzyme preparation clarified by the action of 
sodium desoxycholate and to (2) a relatively high concentration of cyto- 
chrome c solution providing an excess of cytochrome during the first 2 to 
3 minutes of the reaction. The method will measure the oxidase activity 
in less than 0.2 y dry weight of rat heart in 70 yl. of test solution. 

2. The method has been used to measure the cytochrome oxidase ac- 
tivity in rat heart, kidney cortex, liver, spleen, skeletal muscle, cerebral 
cortex, and cerebellum. The relative activities of these tissues found by 
the method are comparable with those reported by other investigators. 


The authors acknowledge with gratitude the kind assistance of Professor 
Eric G. Ball during the course of the foregoing studies and preparation of 
this article. Especially, they are indebted to him for suggesting the use 
of bile salts to clarify the cytochrome oxidase preparations. They also 
wish to thank James R. Ware, Earl D. Rees, and Ruby H. Thomson for 
their part in early phases of this work. 
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The susceptibility of a wide variety of a-amino acids to the action of L- 
and of D-amino acid oxidases from different biological sources has been 
studied by a number of investigators (1-7). These studies have in general 
revealed the considerable differences in the rates of oxidation by these en- 
zymes of amino acids of different chemical structure. It would perhaps 
be superfluous to undertake even a partial reinvestigation and extension 
of these valuable studies, were it not for the following considerations: (a) 
most of the amino acids employed were racemic, and there is no assurance 
that in each case the resistant isomer did not affect the initial oxidative 
rate of the susceptible isomer (8-10);! (b) no comparative data were pre- 
sented on the individual diastereoisomers of threonine, hydroxyproline, 
and isoleucine, while data on uncharacterized, commercially available prep- 
arations of pL-isoleucine, as our experience has shown (12), may be con- 
sidered highly suspect; and (c) the resolution of forty-six racemic amino 
acids conducted in this Laboratory during the past few years and the dem- 
onstration of the extremely high optical purity of the isomers obtained 


_ (12-40) have provided the opportunity of performing a systematic survey 


of the relative susceptibility of these individual isomers to L- and to p- 
amino acid oxidase preparations, and of investigating the properties of 
amino acids not previously studied by other investigators. 

As a further characterization of these isomers, their optical rotations 
have been determined under nearly identical conditions, both in 5 n HCl 
and in glacial acetic acid. To our knowledge, optical rotation data in the 
latter solvent, with the exception of a few isolated cases, have not been 
generally reported. For many of the amino acids, the magnitude of the 
rotation values in glacial acetic acid was found to be considerably higher 
than in HCl solutions, a fact which may be of use in the optical charac- 
terization of amino acids available only in very small quantities. 


! The inhibitory effect of L-leucine on D-amino acid oxidase (8-10) has been noted 
also by Hellerman, but the extent of this inhibition is considerably less than that 
exerted by such agents as benzoate (personal communication from Dr. Leslie Heller- 
man) (ef. Hellerman et al. (11)). 
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EXPERIMENTAL 


Amino Acids—The resolution of forty-two of the forty-six amino acids 
was performed by substantially the same procedure; namely, by the asym- 
metric action of hog kidney acylase or beef pancreas carboxypeptidase on 
the N-acylated pt-amino acid, followed by the separation of the L-amino 
acid from the N-acylated p-amino acid by appropriate measures (12-24, 
26, 28-39).2 Proline could not be resolved in this way, for its N-acylated 
derivatives, lacking a hydrogen on the peptide nitrogen atom, were almost 
completely resistant to the enzymes mentioned (25). It was resolved by 
the asymmetric action of an amidase fraction from hog kidney on pL-proline 
amide, followed by separation of the t-proline and the p-proline amide 
as the respective N-carbobenzoxy derivatives (24). a-Amino-n-dodecylic 
acid (20), like tert-leucine (40) and proline, was likewise resolved as the 
amide by the action of a hog kidney amidase fraction.? The diastereo- 
isomers of hydroxyproline were the only isomers prepared non-enzymatic- 
ally; from hydroxy-t-proline (Nutritional Biochemicals Corporation) as 
the starting material, there was prepared allohydroxy-L-proline (41) and 
allohydroxy-D-proline (27), and from the latter hydroxy-p-proline (27). 

Manometric methods involving the use of L- and of D-amino acid oxi- 
dases and of various decarboxylase preparations have been successfully 
employed to detect the presence of one optical enantiomorph in the pres- 


2 The application of ion exchange chromatography to the separation of these 
products has been described (29, 38). 

* Racemic alanine, histidine, and S-benzylcysteine have also been resolved as 
the amides by an amidase fraction from hog kidney which is apparently different 
from that which is effective toward proline amide (18). The optical isomers of 
a-aminododecylic acid reported in this study were donated by Dr. C. G. Baker. The 
optical isomers of 6-phenylserine, prepared by the action of carboxypeptidase on 
the N-trifluoroacetyl derivatives of the respective racemic diastereoisomers (39), 
were donated by Dr. W. S. Fones. 

‘Following the general procedure of Neuberger (41), 11 gm. of allohydroxy-t- 
proline with [M], in water at 25° = —78.0° were obtained from 52 gm. of hydroxy-t- 
proline, thus an over-all yield of 21 per cent. A yield of similar magnitude was ob- 
tained in the analogous conversion of allohydroxy-p-proline to hydroxy-p-proline 
(27). In both preparations a slight modification of Neuberger’s procedure at the 
C, inversion step produced better yields. This consisted of the addition of a slight 
excess of HCl to the cooled alkaline digest of O-p-toluenesulfonyl-N-acetylhydroxy- 
proline, followed by evaporation to dryness in vacuo, extraction of the residue with 
hot acetone, removal of the solvent, refluxing of the oil residue with 2 N HCl for 2 
hours, evaporation to dryness in vacuo, neutralization of the residue with 2 n LiOH, 
and repeated recrystallization from aqueous alcohol. By not attempting to isolate 
the intermediate N-acetyl derivative, but proceeding directly to its hydrolysis, the 
resulting yield is over 90 per cent of the theoretical. 
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ence of the other with a sensitivity of better than 1 part in 1000 (23).5 By 
these means, the following substrates, employed ia the present investiga- 
tion, have been determined to be more than 99.9 per cent optically pure: 
(a) the L isomers of a,@-diaminopropionic acid, serine, allothreonine, hy- 
droxyproline, and allohydroxyproline,® (b) the p isomers of aspartic, glu- 
tamic, and a-aminoadipic acids, ornithine, arginine, histidine, lysine, and 
the erythro isomer of 8-phenylserine, and (c) the L and p isomers of alanine, 
a-amino-n-butyric acid, valine, norvaline, leucine, norleucine, isoleucine, 
alloisoleucine, a-amino-n-heptylic acid, a-amino-n-caprylic acid, a-amino- 
n-nonylic acid, homoserine, pentahomoserine, hexahomoserine, methionine, 
ethionine, S-benzylcysteine, S-benzylhomocysteine, citrulline, phenylala- 
nine, tyrosine, tryptophan, aminophenylacetic acid, aminocyclohexylacetic 
acid, and aminocyclohexylpropionic acid (23-26, 28, 30, 31, 33, 35-39). 
The L and D isomers of aminocyclohexylpropionic acid have been recently 
prepared in this Laboratory with the same high degree of optical purity 
by the action of acylase I on N-acetyl-pL-aminocyclohexylpropionic acid 
(m.p. 178° corrected) (26). The preparations of L-proline contained 0.2 
per cent of the p form (24). The optical purity of the remaining sub- 
strates described in this report, because of their relative resistance to the 
oxidases, could not be determined with the sensitivity desired. 

The steric purity of the isoleucine preparations, 7.e. the freedom of L- 
isoleucine from t-alloisoleucine and of p-isoleucine from p-alloisoleucine, 
was determined by the action of L-amino acid oxidase on the former pair 
(42) and by the action of p-amino acid oxidase on the latter pair (12), 
followed by isolation of the resulting a-keto acids and determination of 
their respective optical rotations, which for each pair were equal in magni- 
tude and opposite in sign. The determination of the steric purity in this 
case is limited by the accuracy of the polarimetric method, namely 1 to 2 
per cent (23). A similar analysis of the threonine and hydroxyproline 
diastereoisomers was not possible at this time, due to the resistance of L- 
and p-threonine and of hydroxy-t-proline and allohydroxy-t-proline, to the 
action of the respective amino acid oxidases employed, and to the difficulty 
in isolating the products of the reaction of D-amino acid oxidase on hydroxy- 
D-proline and allohydroxy-p-proline. 


5’ These purity determinations are generally conducted in the presence of rela- 
tively large amounts of the oxidases which are considerably greater than those usu- 
ally employed for the determination of the oxidative rates. 

6 The optical purity of hydroxy-u-proline and of allohydroxy-u-proline, not previ- 
ously described, was determined as usual with p-amino acid oxidase in the presence 
and absence of added p enantiomorphs. In each case there was less than 1 part in 
1000 of the p enantiomorph, and thus the preparations of the 1 compounds are con- 
sidered to be better than 99.9 per cent optically pure. 
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Optical Rotation of Amino Acid Enantiomorphs—In Table I are collected 
the molecular rotations of the L-isomers of the amino acids as observed 
under nearly identical conditions in 5 n HCl and in glacial acetic acid solu- 
tions. Each value was obtained from determinations on two to four sepa- 
rate solutions. The glacial acetic acid employed was a good commercial 
grade which was frozen, the container was inverted and the contents al- 
lowed to melt at 25°. When about one-third of the contents had been 
discarded in this way, the container was stoppered, and the remainder, 
which was allowed to thaw, was the solvent employed in these studies. 

No particular discussion is needed in the case of the molecular rotation 
values in 5 N HCl, except to point out the familiar circumstance that in 
several instances the corresponding values under the same conditions in 
water are higher in absolute magnitude: t-threonine —33.9°, L-phenylala- 
nine —57.0°, L-tryptophan —68.8°, L-proline —99.2°, hydroxy-.-proline 
—99.6°, allohydroxy-t-proline —78.0°, u-histidine —59.8°, and L-isovaline 
+13.1°. 1-Isovaline does not follow the Lutz-Jirgensons rule (43), for its 
rotation in water is more positive than in HCl solution.’ The rotation 
value given for L-homoserine is based on the freshly prepared solution, for, 
on standing in acid solution, the compound is transformed into the lactone 
with an optical rotation of opposite sign (35). Tryptophan and the longer 
chain amino acids are so insoluble in 5 n HCl that their optical rotations 
could not be conveniently measured; they were, however, sufficiently sol- 
uble in glacial acetic acid. 

Amino Acids in Glacial Acetic Acid Solution—All of the L-amino acids 
whose molecular rotations in glacial acetic acid solution are given in Table 
I were soluble in concentrations of 0.5 to 2.0 per cent, except allothreonine 
and hydroxyproline, whose solubility limit was 0.25 per cent. In some 
cases gentle warming to 40—-50° was found convenient to obtain rapid solu- 
tion, but none of the compounds crystallized from these solutions on cooling 
to 25°. 

1 gm. of L-methionine was dissolved in 100 ml. of the glacial acetic acid 
with gentle heating, the solvent was removed by aeration, and the amino 
acid recovered in 95 per cent yield. It possessed an [M], +34.6° for a 2 
per cent solution in 5 n HCl at 25°, and upon analysis was as follows: 
calculated, C 40.2, H 7.4, N 9.4, S 21.5; found, C 40.2, H 7.3, N 9.4, S 21.3. 
The rotations of freshly prepared solutions in glacial acetic acid were 
measured for L-alanine, L-leucine, L-valine, L-citrulline, L-ethionine, L-phen- 
ylalanine, hydroxy-t-proline, and t-hexahomoserine, and then the solutions 
were each heated in a boiling water bath for 15 minutes, cooled to 25°, and 
the rotations measured again. In no case was there any change in the 


7 Fones has recently noted the same phenomenon in the case of the threo form of 
B-phenyl-.-serine (39). 
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rotation values. The molecular rotation value in glacial acetic acid solu- 
tion at 25° for acetyl-L-alanine is —51.1° and for acetyl-L-leucine is —57.1°, 
in contrast with the positive sign of the rotations for L-alanine and for 
L-leucine in this solvent (Table I). It does not seem likely that the amino 
acids whose rotations are described in Table I are racemized or acetylated 
to any extent in glacial acetic acid solution. 

In the cases of t-homoserine and L-pentahomoserine, the rotation values 
given in Table I refer to the freshly prepared solutions. Upon standing 
for 30 minutes at 25°, no change in these rotation values was evident. On 
heating at 100° for 30 minutes, the molecular rotation values at 25° were, 
respectively, —26.2° and +9.3°. On heating at 100° for another 30 min- 
utes, and again cooling to 25°, the rotation values were unchanged. In 
both cases the respective y- and 6-lactones were evidently formed, but it 
required the higher temperature to effect the ring closure. 

An interesting distinction in the effect of heating was shown in the cases 
of L-aminophenylacetic acid and L-aminocyclohexylacetic acid. The for- 
mer compound is relatively insoluble in glacial acetic acid at 25°, but a 
0.10 per cent solution can be obtained after prolonged heating. 200 mg. 
of t-aminophenylacetic acid were suspended in 200 ml. of glacial acetic 
acid and the mixture was heated in a boiling water bath for 1 hour, at the 
end of which period of time complete solution had occurred. The solution 
was cooled to 25° and the measured optical rotation was found to be zero. 
The solvent was removed, and the amino acid recovered with 92 per cent 
yield. At a1 per cent solution in 5 N HCl at 25°, the rotation was zero. 
The analysis was as follows: calculated for the free amino acid, C 63.5, 
H 6.0, N 9.3; found, C 63.2, H 6.0, N 9.3. The amino acid was evidently 
not acetylated, but did racemize as a result of being heated in the acetic 
acid. The original material in HCI solution possessed a molecular rotation 
of +254.0° (Table I). In contrast to these observations, a 0.5 per cent 
solution of L-aminocyclohexylacetic acid was readily prepared in glacial 
acetic acid at 25° and the optical rotation measured. The solution was 
then heated in a boiling water bath for 1 hour, cooled to 25°, and the rota- 
tion again measured. No change in the rotation value was noted. It is 
evident that the complete racemization of the aminophenylacetic acid in 
hot glacial acetic acid solution must in some way be connected with the 
presence of a phenyl substituent on the asymmetric carbon atom, for nei- 
ther aminocyclohexylacetic acid nor phenylalanine is racemized under these 
conditions. That the aminophenylacetic acid isolated after this treatment 


’ The molecular rotation values of several other acetyl-L-amino acids in glacial 
acetic acid are for acetyl-L-isoleucine +36.0°, acetyl-L-alloisoleucine +38.2°, acetyl- 
L-methionine +17.2°, acetyl-S-benzyl-t-cysteine —78.5°, acetyl-L-proline —216.0°, 
and acetylhydroxy-L-proline —207.7°. 
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TaBLe [ 


L isomers D isomers 
ie idati 
is Eicanscoail _____| Oxidationt - _ 
Glactat |acdd colin! San” 
5 HCl acetic acid oxidase 
+13.0 | +29.4 0.9 10.5 
+21.2 | +43.3 49 Gen 
+33.1 +72.6 9.0 9.9 
+29.2 +41.0 181 6.7 
+9.7 +26.3 0 0 
+21.0 | +29.5 | 225 7.8 
+32.1 +47.9 192 13.6 
+53.5 +64.2 71 14.8 
+53.1 +55.7 0.8 5.9 
+33.8 | +47.9]| 142 14.6 
+36.6 | +50.9| 102 6.1 
+58.0 61 4.0 
+58.0 35 1.0 
+58.3 13 0.2 
+52.3 1.0 0 
+15.9 0 2.8 
+21.8§ +14.3§ 8.0 3.2 
+38.3 | +46.6§} 53 1.8 
+34.9 +57.4 201 3.2 
—17.9 —35.7 0 0.3 
+36.3 | +45.3]} 0.9 2.6 
+34.6 +29.8 243 15.6 
+38.7 +29.3 242 8.5 
— 557.4 63 1.4 
+209 .2 84 0.9 
—42.2 —52.8 155 3.5 
+61.3 | +36.0! 108 8.3 
+33.8 0.1 4.6 
+46.8 0.2 0.3 
+40.3 17 0 
+35.4 0 2.4 
+37.4 0.1 0.6 
+37.5 | 0.3 | 0.8 
+37.9 0.4 0 
+18.3 | +11.6 | 35 0.8 


Properties of Optical Isomers of a-Amino Acids 
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TaBLe I—Concluded 


























| | L isomers D isomers | 
| = ee c% eg 3 ienete 
Amino acid Mol. wt.| flo in” | oatdatinnt (HSHOMS|  Preparetion 
i y L-amino| D-amino isomers 
smc | Sieh oe eas 
| . 
Arginine] | 174.2} +48.1| +651.3| 18 1.0 | (21, 28) 
Citrulline | 175.2 | +42.4| +30.7/ 98 | 0.9 | (21, 25) 
Phenylalanine | 165.1 —7.4\| -12.4/| 185 | 9.6 | (16, 25) 
Tyrosine | 181.2 | —18.1 185 | 11.1 | (16, 37) 
Tryptophan | 204.1 | —69.4| 199 | 3.0 | (16) 
Proline | 115.1 | 69.5 | 92.1 0 | 20.3 | (24) 
Hydroxyproline | 131.1 | —66.2 | —100.9]| 0 5.0 | (27) 
Allohydroxyproline | 131.1 | -—24.7| -—39.3 0 6.1 | (27, 39) 
Aminophenylacetic | 151.2 | +254.0 | 5.0 | 4.0 | (28) 
acid | 
Aminocyclohexy]- 157.2 | +55.8 | +102.2 4.0 7.5 | (26) 
acetic acid | | | 
Aminocyclohexylpro- | 171.2 | +25.7 | +46.2 92 4.4 | (26) 
pionic acid 
8-Phenylserine (threo) | 181. 2| —88.1| —92.6 0.7 0 (39) 
« (ery- | 181.2 | +147.3 | +108.7 | 140 0 (39) 
thro) 
tert-Leucine | | 131. 1 | +11.8 | +47.2 0 0 (40) 
Cysteine | 121.1 | +7.9 | +15.7 (28) 

















* Molar rotations caléalated as specific rotations multiplied by the molecular 
weight and divided by 100; temperature 24-26°. The concentrations, except where 


indicated, were 0.5 to 2.0 per cent. A2d.cm. tube was employed. The values are 
expressed as degrees. 


t Rattlesnake (Crotalus adamanteus) venom. Rates in terms of micromoles of 
oxygen consumed per hour per mg. of N. 


¢t Hog kidney preparation. Rates in terms of micromoles of oxygen consumed 
per hour per mg. of N. 


§ Freshly prepared solutions. 


|| 0.25 per cent solutions, compounds insoluble at 0.5 per cent. 
§ As the free base. 


was actually in the pt form was shown, not alone by the absence of optical 
rotation in HCl, but also, and by more stringent proof, by the fact that the 
substance was equally oxidized to 50 per cent by L-amino acid oxidase and 
by D-amino acid oxidase, respectively. The original L-aminophenylacetic 
acid was not affected at all by p-amino acid oxidase (26). It is possible 
that the aminophenylacetic acid is racemized by the following mechanism: 


€__S—cuwwnycoon = Hi< __ =o (NH.) COOH 


This reaction does not apparently occur in alkaline solution at 25°, for 
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the molecular rotation of L-aminophenylacetic acid for a 1 per cent solution 
in 1 n NaOH is +187.5°. No change in this value was observed after the 
solution had stood for 10 hours at 25°. 

It is difficult to know just how much water is present in the glacial acetic 
acid employed as the solvent in these studies, but the effect of added water 
was investigated as follows. 1.0 per cent solutions of t-leucine were pre- 
pared in glacial acetic acid, in 100, 99, 98, 97, 96, 95, and 90 per cent acetic 
acid solutions. The molecular rotations noted were, respectively, as fol- 
lows: +29.5°, +29.5°, +29.5°, +29.0°, +22.0°, +21.0°, and +21.0°. L- 
Aminophenylacetic acid in 90 per cent acetic acid gave close to the same 
molecular rotation value as in 5 N HCl, namely +250° (Table I). 

The above considerations have been presented at some length because 
of the care needed when the use of a relatively new solvent for the optical 
characterization of the amino acids is suggested. It will be noted from 
Table I that the magnitude of the molecular rotation values for many of 
the amino acids is higher in glacial acetic acid than in HCl solutions. In 
these cases it might be more convenient and economical of material to use 
the former solvent. A few amino acids such as serine, cystine, homocys- 
tine, the dicarboxylic amino acids, the hydrochlorides of the diamino acids, 
and tyrosine are too insoluble in glacial acetic acid. Attempts to measure 
the optical rotation of amino acids in glacial propionic acid failed because 
of their very low solubility in this solvent. 

Optical Rotation of Glycyl-L-amino Acids—As first pointed out by Lutz 
and Jirgensons (43), a general characteristic of the L-amino acids is their 
possession of a more positive optical rotation value in HCl than in water 
solutions. Two exceptions to this observation are L-isovaline and the threo 
isomer of 8-phenyl-L-serine (39). If this comparison is based upon the ro- 
tation values in water and in glacial acetic acid, it is noted that three 
amino acids, namely t-threonine, L-tryptophan, and hydroxy-.-proline, 
have each practically the same molecular rotation value in both solvents, 
and that all the rest, now including L-isovaline but still excluding the threo 
isomer of 8-phenyl-L-serine, have more positive rotations in the latter sol- 
vent. 

When the optical rotations of a series of glycyl-L-amino acids (37, 44) 
are compared in water, in HCl, and in glacial acetic acid solutions (Table 
II), it is observed that the values for some of the compounds are more 
positive in HCl than in water solution, whereas for others the reverse is the 
case. However, when this comparison is based upon the rotation values 
in water and in glacial acetic acid, all of the peptides studied possess a 
more positive rotation in the latter solvent than in the former (Table II). 
It would appear that the Lutz-Jirgensons “rule” may with more general 
applicability be employed to characterize the optically active amino acids 


71 ee Oa ee ea ey a. & 


a 





YIM 


tion 
the 


etic 
ater 
pre- 
etic 
fol- 
L- 
same 


ase 
tical 
from 
Ly of 

In 
0 use 
ocys- 
cids, 
asure 
pause 


Lutz 
their 
water 
threo 
ne ro- 
three 
oline, 
vents, 
» threo 
ar sol- 


7, 44) 
Table 
more 
is the 
values 
sess a 
le IT). 
eneral 
» acids 





GREENSTEIN, BIRNBAUM, AND OTEY 315 


in water and in glacial acetic acid rather than in water and in HCl solu- 
tions.® 

The effect of introducing a glycyl radical in the acyl position of various 
t-amino acids on the molecular rotation values in the three different sol- 


TABLE II 
Molecular Rotations of Glycyl-L L-amino Acids in Different Solvents — 














(M] p in* } 
| | [M]p of 
Peptide e we | a? pa " hens: amino gg 

| H:0 | 5N HCl | a 
Glyoyl-E-Hlanines esc, 652s. dae | 146.1 | —74.5 | —92.0|} —58. 4 | |} +2.4 
Glyeyl-L-aminobutyric acid......... | 160.1 | —49.6 | —60.0 —24.0| +9.6 
GIvGyI-E-VAHNGs . oc6c.ci0s cave mrainy | 174.1 | —34.6 | —21.8 | +4.4 +7.6 
Glycyl-L-norvaline................. 174.1 | —47.9 | —57.5 | —20.9 +8.8 
Glycyl-L-isovaline.................- 174.1| 0 | —12.4 | +8.7| +13.1 
Glycyl-u-leucine.................... 188.1 | —68.3 | —68.7 | —56.4 | —14.4 
Glycyl-u-norleucine................ 188.1 | —30.1 | —42.7 | —15.0 +9.8 
Glycyl-L-isoleucine................. 188.1; —26.5) —5.6 | +32.0 | +17.7 
Glycyl-u-alloisoleucine............. 188.1 | —9.8 0 | +28.2 | +23.6 
Glyoyl-1-90TIM®. «0... once ccc cena 162.1) —11.7 | +13.8; tt | -7.9 
Glyeyl-t-threonine................. 176.1 | —28.5) +5.3 |) +10.6| —33.9 
Glycyl-t-methionine................ 206.2 | —21.0 | —47.2| -6.8) —14.9 
Glyeyl-u-aspartic acid.............. 190.1 +23.8, 49.5) f +73 
Glycyl-u-glutamic acid............. 204.2; ~—13.9 | —28.6| +20.4| +21.3 
Glyeyl-u-phenylalanine............. 222.2 +92.2 | +63.3  +127.8, —57.0 
Glycyl-L-tyrosine. ................. 238.2  +104.8 | +76.2 | +142.9 Z 
Glyeyl-u-tryptophan............... 261.2, +35.3 | +89.6 | +150.2) —68.8 








. Concentrations 0.5 to 2.0 per cent. All the compounds readily praerarr at 
25°; temperature 24-26°. A 2 d.cm. tube was employed. 

+ Concentrations, 1.0 to 5.0 per cent. 

t The compounds were too insoluble. 


vents has been calculated by subtracting the values for the amino acids 
from those of the peptide while maintaining the signs (Table III). There 
is a fair agreement among the values in the three solvents for each of the 


®The molecular rotation values at 25° in water, 5 N HCl, and glacial acetic acid 
are, respectively, for glycylglycyl-t-alanine —73.8, —91.8, and —40.6, and for glycyl- 
L-alanylglycine —129.4, —116.8, and —101.6. Both compounds have a more positive 
rotation in glacial acetic acid solution than in water. However, when L-alanine is 
the acyl group, the reverse holds, for the molecular rotations in the same order are 
for t-alanylglycine +73.7, +18.3, and +36.5, and for L-alanylglycylglycine +74.4, 
+63.0, and +71.1. Whether the higher peptides of other amino acids possess the 
same characteristics as those of L-alanine must await further investigation. Cer- 
tain of these peptides of L-alanine were generously donated by Dr. E. Brand, who 
had made an extensive series of studies related to this problem (45-47). 
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unsubstituted amino acids, 7.e., the first nine in Table III which have only 
an a-amino, a-carboxyl, and aliphatic hydrocarbon side chain. All possess 
a negative sign, and, with the exception of isovaline, the absolute values 
are not far from the same order of magnitude in all three solvents. With 
8 substitution of the amino acid residues, the agreement in the different sol- 
vents, with the exception of serine, is not good, and, in the case of thre- 
onine and the aromatic ring-substituted compounds, the sign of the differ- 
ence values is positive. In the case of aspartic acid, this sign is positive in 

















TaB.eE III 
Effect of Substitution of Glycyl Residue in u-Amino Acids on[M],* in Various Solvents 
1-Amino acid H:0 HCl seme ets 

MR ERIEN Te en Freres ily ic hie: de, stb 8 ale -—77 —105 —87 
Aminobutyric acid...................... —60 —81 —67 
MNEs ead aust d staid aistdease axdb odie O's —42 —54 —68 
CULE Ro Eo ae Pe er —57 —87 —62 
SSIS aS ea eee —13 —22 —17 
MI oe a cp vate lace oO epee —54 —90 —87 
ERNE 6S Ch ES 3 cts Seated sosvey aida se a —40 —75 —63 
Isoleucine.......... SE ne Stet ee —44 —60 —32 
Alloisoleucine........................40. —33 —53 —28 
EMME a Oe. Pe Cs Ors in a reece or —3 —2 

MINES 3) Se Sh ne on 5 aleve tse +5 +23 +46 
SS SR a Are —6 —81 —37 
MPHTRAGUNOTA cs iss 5 4 kp sch a Ga oa dae +17 —24 

LNT ES TS i i aR I ee —35 | —75 

eT ern +149 | +70 +140 
SAMNEIMINNES 9 5055563 6-0 ms aun. d ea ssa teooie'¢ oasis +94 
ek 5 ony a eat a cS pace aon +104 | +219 








* The figures in the table are based upon the equation [M], for the glycyl-t- 
amino acid minus [M], for the L-amino acid, the signs being maintained throughout. 
The values are based on Tables I and II. 


water and negative in HCl solutions. It is therefore possible to state, 
tentatively, that only for the simpler, aliphatic, monoaminomonocarbox- 
ylic acids does substitution of a glycyl residue on the a-amino group pro- 
duce nearly the same effect, both in sign and in order of magnitude, on the 
molecular rotation values in each of the three solvents studied. 

Action of u- and of v-Amino Acid Oxidases on Amino Acid Optical Iso- 
mers—The action of L- and p-amino acid oxidase preparations on the vari- 
ous L and D isomers is described in Table I. The former enzyme was 
employed as follows. 10 um of the substrate at pH 7.2 (5 um in the cases 
of cystine and homocystine), dissolved or suspended in 2 ml. of 0.1 m 
tris(hydroxymethyl)aminomethane buffer, pH 7.2, and 0.1 ml. of catalase 
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solution containing approximately 0.6 unit were added. The side arm con- 
tained 0.3 ml. of enzyme solution, prepared by dissolving the appropriate 
amount of rattlesnake venom (Crotalus adamanteus) in 0.2 m tris(hydroxy- 
methyl)aminomethane buffer at pH 7.2. The center well contained filter 
paper soaked in 20 per cent KOH. The p-amino acid oxidase (12) was 
employed as follows. 10 um of the substrate (5 um in the cases of cystine 
and homocystine) were dissolved or suspended in 2 ml. of 0.05 m sodium 
pyrophosphate buffer at pH 8.2. The side arm contained 0.4 ml. of hog 
kidney D-amino acid oxidase preparation (12). Again the center well con- 
tained KOH. With both enzymes, the atmosphere above the reaction 
mixture was air, each compound was studied at least in triplicate, and the 
oxidative rates, expressed in terms of micromoles of oxygen consumed per 
hour per mg. of protein N, were determined graphically from the initial 
linear relation between time and oxidation. The rates so obtained were 
standardized by the inclusion of t-methionine in the L-amino acid oxidase 
and of p-alanine in the D-amino acid oxidase runs.!° In all cases the values 
were corrected for the enzyme blanks, which generally were very small. 
The long chain a-amino acids, from a-aminoheptylic to a-aminododecylic, 
were very insoluble and difficult to wet, and in these cases a few drops of 
Tween 20 solution (polyethylene sorbitan monolaurate) were added to dis- 
perse the compounds. Tween itself had no effect on either the L- or the 
p-amino acid oxidase preparations. 

Considering first the action of L-amino acid oxidase, many amino acids, 
reported by Bender and Krebs (6) to be resistant to cobra venom, are 
found to be oxidizable by rattlesnake venom (Table I). These include 
alanine, @-aminobutyric acid, a-aminoundecylic acid, a-aminododecylic 
acid, valine, isoleucine, aspartic acid, glutamic acid, a-aminoadipic acid, 
histidine, ornithine, lysine, and cystine. While some amino acids in this 
list are relatively weakly oxidized by the rattlesnake venom preparation, 
others, like isoleucine, a-aminoadipic acid, histidine, and cystine, are very 
appreciably oxidized (Table I). The experimental conditions employed 
by Bender and Krebs and those employed in the present report are, how- 
ever, quite different, and any extensive comparison of the respective results 
would not be warranted. 

Under the experimental conditions employed in Table I, the oxidation 
of L-isoleucine is considerably greater than that of L-alloisoleucine, and 
L-allothreonine is more readily oxidized than is L-threonine. The erythro 


‘0 The considerably lower value for the oxidation rate of L-methionine by rattle- 
snake venom reported earlier (32) was very probably due to the use of phosphate 
buffer which, as shown by Kearney and Singer (48), has an inhibitory effect on the 
L-amino acid oxidase activity from this source. The appreciable rate of oxidation 
of D-aspartic acid by the hog kidney p-amino acid oxidase preparation (Table I) 
may be due to the presence of some D-aspartic acid oxidase (49). 
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form of 8-phenylserine is oxidized at a rate some 200-fold that of the cor- 
responding threo form. None of the t-proline derivatives are affected by 
the venom oxidase. However, these data, together with the remainder in 
Table I, are obtained under the conditions specified, and different relative 
results may be observed when the conditions are altered. Thus, when the 
substrate concentrations of the following amino acids were raised 5-fold, 
e.g. to 50 uM, while all the other conditions remained the same, the following 
rates of oxidation were obtained: L-isoleucine 117, L-alloisoleucine 14, 1- 
threonine 0.2, t-allothreonine 3.7, L-a,8-diaminopropionic acid 0.5, and 
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Fic. 1. The effect of increasing straight side chain length for the homologous 
series of amino acids from alanine to a-aminododecylic acid. gg, rates of oxidation 
with Crotalus adamanteus L-amino acid oxidase on the L isomers; A, rates of oxida- 
tion X 10 with hog kidney p-amino acid oxidase on the p isomers; and @, log rate 
of hydrolysis with hog kidney acylase I of the N-chloroacetyl-L-amino acids (36). 





L-serine 0.5, in terms of micromoles of oxygen absorbed per hour per mg. 
of N. Thus in all cases the absolute magnitude of the rates was increased 
with the higher substrate concentrations, and, in the case of the isoleucine 
diastereoisomers, the ratio of the oxidative rates of L-isoleucine to L-allo- 
isoleucine, instead of being about 90:1 with 10 um of each substrate, was 
now about 8:1. When phosphate buffer was used in place of the tris- 
(hydroxymethyl)aminomethane buffer at pH 7.2, the following rates with 
50 uM each of the amino acids (with all other conditions the same) were 


obtained: L-isoleucine 46 and L-alloisoleucine 14. In the presence of phos-— 


phate as contrasted with the “tris” buffer, a considerable inhibition in the 
oxidative rate of L-isoleucine was observed, whereas the oxidative rate of 
L-alloisoleucine was unchanged. 
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A lesser effect was noted on increasing the substrate concentrations to 
50 wm in the presence of the p-amino acid oxidase preparation. Under 
such conditions the oxidative rates were pD-isoleucine 13.5, p-alloisoleu- 
cine 8.7, D-aminoadipic acid 0.6, p-threonine 0.6, and p-allothreonine 4.5. 
Again, the rates for the diastereoisomers of isoleucine were closer in value 
at the higher substrate concentration, and a small but definite oxidative 
rate was noted with D-aminoadipic acid and p-threonine. 

Upon consideration of the straight chain a-amino acid homologues from 
L-alanine to L-a-aminododecylic acid, there appears to be a maximal rate 
of oxidation at L-a-aminocaproic acid (norleucine) (Fig. 1). Plotted in the 
same figure are the hydrolytic rates with acylase I of the corresponding 
N-chloroacetyl-L-amino acids, from chloroacetyl-L-alanine to chloroacetyl- 
L-a-aminododecylic acid, and it is noted that there is a maximal rate like- 
wise in the same general region (20, 36). With p-amino acid oxidase, the 
oxidative rate decreases upon passing from the C;- to the Cy- and Cs;-amino 
acids, rises progressively to the C.- and C;-amino acids, and thereafter 
progressively diminishes to D-a-aminododecylic acid which, under the con- 
ditions employed, is apparently inert (Table I; Fig. 1). 


SUMMARY 


The L and p isomers of forty-six amino acids of high optical purity have 
been characterized by their molecular rotations in 5 n HCl and in glacial 
acetic acid solutions, and by their susceptibility to Crotalus adamanteus 
L-amino acid oxidase and hog kidney p-amino acid oxidase, respectively. 

In many cases, the absolute magnitude of the optical rotations was higher 
in glacial acetic acid than in 5N HCl. All of the amino acids studied were 
optically stable in glacial acetic acid solutions, except for aminophenyl- 
acetic acid which racemized under conditions in which its saturated ana- 
logue, aminocyclohexylacetic acid, retained its optical activity. 

L-Threonine, L-tryptophan, and hydroxy-t-proline have the same molec- 
ular rotations and the same sign in water and in glacial acetic acid solutions. 
All of the other L-amino acids studied, including L-isovaline and excluding 
only the threo isomer of 8-phenyl-t-serine, have more positive rotations in 
the latter solvent. Determination of the molecular rotations of several 
glycyl-L-amino acids revealed that, whereas some of them possessed more 
positive values in HCl than in water solution while with others the reverse 
was the case, all of them possessed more positive values in glacial acetic 
acid solution than in water. The effect on the molecular rotation of the 
L-amino acid residue by introduction of the N-glycyl radical has been cal- 
culated for three different solvents. 

The rates of oxidation of the L and D isomers of the various amino acids 
have been reported under specified conditions. The effect of alteration 
of the substrate concentration in a few cases is described. Among the 
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homologous series of straight chain aliphatic a-amino acids from C3; to Cy», 
an optimal rate of oxidation by L-amino acid oxidase occurs at about Cy. 
A comparison with a similar optimum, which occurs in the relative rates 
of hydrolysis of the N-acylated derivatives of these same L-amino acids 
by acylase I, has been drawn. 
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THE ISOMERS OF THE §-PHENYLSERINES 
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The threo form of 8-phenyl-pL-serine was first prepared by Erlenmeyer 
and Friistiick (1) and its configuration has been established by several 
workers (2-5). The erythro modification has recently been prepared by 
three independent methods (5-7). Végler (3) reported the preparation 
of the p and L enantiomorphs of the threo form without experimental de- 
tails of the procedure employed. No account of the preparation of the 
p or L forms of the erythro isomer has yet appeared. 

In experiments designed to determine the feasibility of resolving these 
stereoisomeric amino acids by the general enzymatic method developed in 
this Laboratory by Greenstein and coworkers (cf. (8)), it was found that 
neither the acetyl nor the chloroacetyl derivatives of either the threo or 
the erythro-8-phenyl-pL-serine were attacked at a measurable rate by 
acylase I. Inasmuch as pancreatic carboxypeptidase has been success- 
fully utilized in resolving other amino acids containing a phenyl group (9), 
attention was next turned to the possibility of its use in the present case. 
However, the data obtained (Table I) for the rate of hydrolysis of the 
acetyl and chloroacetyl derivatives show that, although hydrolysis oc- 
curred at a measurable velocity for the chloroacetyl derivative, it was too 
slow for practical application in the resolution procedure. 

An earlier study (10) had shown that carboxypeptidase catalyzed the 
hydrolysis of the N-trifluoroacetyl derivative of pi-phenylalanine at a 
rate some 20 times that of the corresponding chloroacetyl derivative. 
Therefore, the N-trifluoroacetyl-threo- and erythro-8B-phenyl-pL-serine were 
prepared and their rates of hydrolysis by carboxypeptidase determined 
(Table I). The rates are about 150 to 200 times that of the chloroacetyl 
derivatives and are sufficiently rapid to be useful in the resolution pro- 
cedure.! This affords another example of the marked increase in the rate 
of hydrolysis of an N-acyl amino acid when the trifluoroacetyl residue is 
substituted for the less electronegative chloroacetyl or acetyl group.2 

By utilizing pancreatic carboxypeptidase and the N-trifluoroacetyl de- 

! With acylase I no measurable hydrolysis of either of the trifluoroacetyl deriva- 
tives was noted. 


2 The dichloroacetyl derivative of the threo isomer was hydrolyzed at a rate of 6 
or approximately equal to that of the chloroacety] derivative. 
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rivatives, the threo- and erythro-8-phenyl-pu-serines were successfully re- 
solved into their respective enantiomorphs.? The trifluoroacetyl deriva- 
tives of the phenylserines are very sensitive to either acid or base and care 
must be taken in isolating the products from the enzymatic digest. How- 
ever, when certain modifications in the procedure (outlined in “Experi- 
mental’’), usually employed for enzymatic resolutions with acetyl] or chloro- 
acetyl derivatives, were observed, the desired enantiomorphs were obtained 
without difficulty. 

Analytical data for the isomers are collected in Table II. Like thre- 
onine and allothreonine, the corresponding enantiomorphs of the threo 
and erythro forms have rotations opposite in sign, both in hydrochloric 
acid and in water. The erythro isomers follow the Lutz-Jirgensons (11) 


TABLE [| 


Rates of Hydrolysis of N-Acyl Derivatives of Diastereotsomeric Phenylserines by Car- 
boxypeptidase 








Rate* 


N-Acy] group 
2. . erythro-B-Phenyl-pi 
—— 8-Phenyl-pt-serine seiine 


1101) PIAS aN er a ean cl | 0 | 0 


Sg Rg 5 | 5 


II i555) dpe «AP vied sb aWedixaeys | 1100 | 800 


* Expressed as micromoles hydrolyzed per hour per mg. of protein nitrogen. 
The digests consisted of 1 ml. of enzyme solution, 1 ml. of water, and 1 ml. of 0.025 
M neutralized racemic substrate at 37°. 


rule but the corresponding threo forms do not, the L isomer having a more 
negative rotation in hydrochloric acid than in water. In this respect the 
threo forms of 8-phenylserine, like the isomers of isovaline (8), constitute 
an exception to the rule. 

erythro-B-Phenyl-p-serine was shown to contain less than 0.1 per cent 
of the L isomer through the action of L-amino acid oxidase by the cus- 
tomary procedure (12). The optical purity of the threo isomer could not 
be so determined because the L isomer was not sufficiently susceptible for 
the determination of 1 um in the presence of 1000 um of the p enantio- 
morph. The p enantiomorphs in both cases were practically inert to 
hog kidney b-amino acid oxidase (4), and accordingly the purity of the L 
isomers could not be determined by the oxidase method. 

When the individual isomers were chromatographed on filter paper 


* With acylase I the p enantiomorph of both N-trifluoroacetylalanine and N-tri- 
fluoroacetylphenylalanine is attacked (10), so that the use of this enzyme with the 
trifluoroacety! derivatives is not recommended. 
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(Whatman No. 1 and Schleicher and Schuell No. 598) with 77 per cent 
ethanol and tertiary butanol-formic acid as solvents (13), no contamination 
by a diastereoisomer could be observed. The diastereoisomers are almost 
completely separated by 77 per cent ethanol. 


EXPERIMENTAL! 


Preparation of Substrates—threo-B-Phenyl-pu-serine was prepared by the 
method of Shaw and Fox (5) as reported previously (14). The erythro iso- 
mer was prepared in 30 per cent yield, isolated as the ethyl ester hydro- 
chloride, m.p. 180-182°, from ethyl glycinate and benzaldehyde (15). 

The preparation of N-acetyl-, N-chloroacetyl-, N-dichloroacetyl-threo- 


TaBe II 
Properties of Isomers of B-Phenylserines 





lay" 2 per cent 

















| Analysis 
solution in | 
_— | re Found 

| 6nHCl| HO | ee - r 

| | ¢ ||) ec.) ee 
; TBE Ee ile 4 fr ilo a 
threo-8-Phenyl-L-serine* ...... —48. 6 —31.3 | | 59.6 6.1 | 7.7 
threo-8-Phenyl-p-serine*..... +48.0 +32.2 59.7 6.1 7.7 59.8 | 6.2 | 7.8 
erythro-8B-Phenyl-L-serine. .... +81.3 +8.2 | | 59.0 | 6.2 | 7.8 
erythro-8-Phenyl-p-serine..... —82.0  —8.2 | 59.7 | 5.9 | 7.7 


* Vogler (3) obtained {e]p in 6 nN HCl = —52° (42°) for the threo 1 L isomer and 
+49.2° (42°) for the p enantiomorph. In water, the value he reported for the L 
isomer was —32° (+2°). 


6-phenyl-pL-serine, and N-acetyl- and N-chloroacetyl-erythro-6-phenyl]-pt- 
serine has been reported earlier (16, 17). 

The N-trifluoroacetyl-8-phenyl-DL-serines were prepared from the re- 
spective ethyl esters of the amino acids by way of the ester of the N-acyl- 
amino acids. Since the two compounds were prepared in analogous 
fashion, only the preparation of the erythro isomer is given in detail. 

erythro-B-Phenyl-pL-serine ethyl ester hydrochloride (60 gm.) was treated 
in water with excess potassium carbonate and the liberated ester was 
extracted into ethyl acetate. After drying the organic layer with so- 
dium sulfate, the solvent was removed and the 46 gm. of amino acid 
ester remaining were suspended in ether and treated with 25 gm. of tri- 
fluoroacetic anhydride at room temperature. After 1 hour, the ethereal 
solution was washed twice successively with cold dilute hydrochloric acid 
and saturated sodium bicarbonate solution. The organic layer was dried 


‘ All the melting points are corrected. 
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over sodium sulfate and concentrated to a small volume. Addition of 
petroleum ether (b.p. 35-70°) precipitated 30 gm. (89 per cent) of erythro- 
N-trifluoroacetyl-8-phenyl-pL-serine ethyl ester, m.p. 94-96°. The melt- 
ing point was not raised by recrystallization. Calculated as Ci;3HwO.NF;, 
C 51.1, H 4.6, N 4.6; found,’ C 51.4, H 4.8, N 4.7 per cent. From the 
hydrochloric acid extract mentioned above, 22 gm. of ester were recovered. 

The corresponding threo ester had a melting point of 100.5-102.5°. 
Found, C 51.4, H 5.0, N 4.7 per cent. 

N-Trifluoroacetyl-erythro-6-phenyl-pL-serine ethyl ester (10 gm.) was 
dissolved in 100 ml. of 95 per cent ethanol and a solution of 1.3 gm. of 
sodium hydroxide in 50 ml. of water was added at the rate of 5 ml. every 
15 minutes. After all of the alkali had been added, most of the alcohol 
was removed in a stream of air and the residue was extracted with ethyl 
acetate, following which the aqueous layer was acidified and the ethyl 
acetate extraction was repeated. The solvent was dried, concentrated to 
a small volume, and petroleum ether was added to precipitate the N-acy]- 
amino acid; 5 gm. were obtained, m.p. 125°, which, upon two recrystal- 
lizations from benzene, gave 2.5 gm. (27 per cent) of N-trifluoroacetyl- 
erythro-B-phenyl-p.-serine, m.p. 148-150°. Calculated as CuHwO.NF;, 
C 47.7, H 3.6, N 5.1; found, C 48.1, H 3.8, N 5.1 per cent. 

The analogous threo compound melted at 159-161°. Found, C 47.8, 
H 3.8, N 5.1 per cent. This isomer was also prepared by the method of 
Weygand and Csendes (18), but the yields were not reproducible, probably 
because of the side reactions introduced by the presence of the 8-hydroxy] 
group, and were usually less than in the two-step procedure reported here. 
No indication of the presence of either of the diastereoisomers in the prepa- 
ration of the other could be detected when the amino acids obtained after 
hydrolysis were chromatographed on filter paper as described above. 

Enzymatic Digests—Acylase I was prepared by the published procedure 
(19) and crystalline carboxypeptidase was purchased from Armour and 
Company. For the rate determinations, digests consisting of 1 ml. of 
enzyme solution, 1 ml. of water, and 1 ml. of 0.05 m (for acylase I) or 0.025 
mM (for carboxypeptidase) neutralized racemic substrate (pH 7) were in- 
cubated at 37°. During the digestion, a drop in pH. to 6.9 occurred. 
After stopping the enzymatic reaction by the addition of 3 ml. of glacial 
acetic acid, the extent of hydrolysis was determined by measurement of 
the free amino acid formed in excess of controls by the Van Slyke nitrous 
acid procedure. Rates were determined when the susceptible enantio- 
morph was from 20 to 40 per cent hydrolyzed. 

The nitrous acid procedure was used instead of the more convenient one 
with ninhydrin because preliminary experiments showed the latter pro- 


5 Analyses by R. J. Koegel and staff of this Laboratory. 
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cedure with erythro-8-phenyl-pL-serine gave only about 70 per cent of the 
theoretical carbon dioxide. This diastereoisomer also reacted much more 
slowly with ninhydrin than did the threo compound, an observation which 
is now the subject of further investigation. 

Resolution Procedure—The same procedure was followed for the resolu- 
tion of both diastereoisomers, and details will be given only for the isola- 
tion of the p and L threo compounds. 15 gm. of N-trifluoroacetyl-threo-B- 
phenyl-pL-serine were neutralized to pH 7 with lithium hydroxide, diluted 
to 1150 ml., and 100 mg. of crystalline carboxypeptidase were added. 
The mixture was incubated at 37°. Samples were withdrawn at intervals 
and analyzed for free amino acid. When no further increase in amino 
acid was noted (about 3 hours), 20 mg. more of carboxypeptidase were 
added and the digestion was continued overnight to insure complete hy- 
drolysis. During the early stages of the hydrolysis, the pH tended to 
drop slightly but was maintained at pH 7 by addition of lithium hydroxide. 

The digest was adjusted to pH 6 by the addition of acetic acid and was 
concentrated 7m vacuo at room temperature until crystallization began. 
Alcohol was then added and the precipitated L isomer contaminated by 
enzyme protein was collected by filtration. Recrystallization from water 
with the aid of Darco G-60 yielded 3.0 gm. of the pure L enantiomorph. 

The filtrate from the isolation of the L isomer was acidified with con- 
centrated hydrochloric acid and immediately extracted four times with 
100 ml. portions of ethyl acetate. The ethyl acetate solution was dried 
and concentrated, and petroleum ether was added to precipitate the N-tri- 
fluoroacetyl-threo-8-phenyl-p-serine; 6 gm. of crude material, m.p. 150°, 
were thus obtained. Recrystallization from benzene raised the melting 
point to 156-159°: rotation [a]? —30.1° (2 per cent in water). Calculated, 
C 47.7, H 3.6, N 5.1; found C 47.6, H 3.7, N 5.1 per cent. The constants 
for the N-trifluoroacetyl-erythro-B-phenyl-D-serine were, m.p. 144-146°, 
[w]?? —37.5° (2 per cent in water); found, C 47.8, H 3.8, N 5.0 per cent. 

The N-trifluoroacetyl derivative of the D-amino acid was hydrolyzed 
with 20 per cent acetic acid on a boiling water bath for 4 hours. After 
evaporation under reduced pressure, the residue was induced to crystallize 
by the addition of alcohol and ether. Recrystallization from water with 
the aid of Darco G-60 yielded 2.0 gm. of threo-8-phenyl-p-serine. 


The author is indebted to Dr. Herbert A. Sober for the chromatographic 
analyses reported and to Mrs. Marguerite Lee for the purity determina- 
tions and technical assistance. 


SUMMARY 


1. The four optical isomers of the diastereoisomeric threo- and erythro-B- 
phenylserines have been prepared through the asymmetric hydrolysis by 
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carboxypeptidase of the N-trifluoroacetyl derivatives of the respective 
diastereoisomers. Details for the isolation of the respective enantiomorphs 
from the enzymatic digests containing the very acid- and alkali-labile 
trifluoroacetyl derivatives are given. 

2. erythro-B-Phenyl-D-serine was shown to contain less than 0.1 per cent 
of the u form by the action of L-amino acid oxidase. The other iso- 
mers were not sufficiently active towards L- or D-amino acid oxidase to 
permit their purity to be determined in this way. None of the other 
diastereoisomers was observed when any of the four enantiomorphs were 
chromatographed on filter paper with 77 per cent ethanol and tertiary 
butanol-formic acid as solvents. 

3. The rates of hydrolysis by pancreatic carboxypeptidase of several 
N-acyl derivatives of the stereoisomeric 6-phenyl-pL-serines were deter- 
mined. The trifluoroacetyl derivatives were hydrolyzed about 200 times 
faster than the corresponding chloroacetyl derivatives, and neither of the 
acetyl derivatives was attacked by the enzyme at a measurable rate. No 
hydrolysis of any of the N-acyl derivatives was noted with hog kidney 
acylase I. 
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In preliminary communications, it was reported that the enzymatic 
esterification of L-a-glycerophosphate (a-GP) by higher fatty acids to 
produce phosphatidic acids requires the participation of adenosinetriphos- 
phate (ATP) and coenzyme A (CoA) (1). On the basis of these require- 
ments and by analogy with the mechanism of ATP activation of acetate 
(2, 3), it was proposed that the over-all reaction was the resultant of two 


distinct steps, an activation (Equation 1) and an esterification (Equa- 
tion 2). 





(1) Fatty acid + CoA ar, acyl CoA 
(2) 2 Acyl CoA + a-GP — diacylphosphatidie acid + 2CoA 


Further evidence has now been obtained for the proposed scheme. This 
report deals with the conversion of the long chain fatty acids to the ac- 
tivated acyl CoA derivatives; the reaction has been shown to proceed 
according to Equation 3, in which inorganic pyrophosphate (PP) is split 
off from ATP and the thio ester linkage between CoA and the fatty acid 
is formed. 


(3) Fatty acid + CoA + ATP = acyl CoA + A-5’-P! + PP 


The accompanying report (4) is concerned with the esterification of 
a-GP by the CoA derivatives of the long chain fatty acids to form phos- 
phatidic acids. 


Methods 


Materials—The fatty acids were obtained from commercial sources.? 
For most experiments, 0.02 m suspensions of the fatty acids were prepared, 


* Present address, Department of Microbiology, Washington University School 
of Medicine, St. Louis, Missouri. 

1 A-5’-P represents adenosine-5’-phosphate. 

2 Straight chain, saturated, C2 to Cio from Distillation Products, Inc.; Cu, Cis, 
Cis, Cig, Coo from R. A. Reck, 8635 South Dante Street, Chicago; C2, Cis, Cis, Cis, 
from the Nutritional Biochemicals Corporation; C1; from Synthetic Organics. Sub- 
eric, azelaic, sebacic, and chaulmoogric acids from the City Chemical Corporation; 
linolenic, linoleic, and oleic acids from the Hormel Institute; palmitic acid-1-C' 
from Tracerlab, Inc. 
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made slightly alkaline with NH,OH, and heated briefly in a steam bath to 
obtain almost complete solution. 

CoA (4 to 63 per cent pure) was prepared by the method of Stadtman 
and Kornberg (5). Preparations were also obtained from the Pabst Brew- 
ing Company and from Dr. F. Lipmann and Dr. E. R. Stadtman. ATP 
was obtained from the Pabst Brewing Company; adenosinediphosphate 
(ADP) and A-5’-P were products of the Sigma Chemical Company. ATP, 
labeled in the two terminal phosphate groups (ATP*), was prepared by 
phosphorylation of A-5’-P with liver mitochondria (6) and purified by a 
modified (7) ion exchange chromatographic procedure (8). 

Hexokinase (Fraction 3) was prepared according to Berger et al. (9), 
myokinase (ammonium sulfate fraction) according to Colowick and Kalckar 
(10), and Zwischenferment as described previously (11). 

Purified preparations of 5’-nucleotidase (12) and inorganic pyrophos- 
phatase (13) were kindly furnished by Dr. L. A. Heppel, and purified 
phosphotransacetylase (14) was generously supplied by Dr. E. R. Stadt- 
man. Trypsin (crude) was obtained from the Nutritional Biochemicals 
Corporation. 

The enzymes used for the formation of the fatty acid-CoA derivatives 
were prepared as follows: A guinea pig liver (15 to 25 gm.), obtained from 
a young animal exsanguinated from the neck vessels, was homogenized 
with 4 volumes of 0.25 m sucrose in a Potter-Elvehjem type homogenizer.’ 
The homogenate was centrifuged for 10 minutes at 2000 r.p.m. (about 
500 X g) (International centrifuge, size No. 2). The supernatant solution 
was decanted and centrifuged for 15 minutes at 14,000 r.p.m. (about 
15,000 X g) (International centrifuge, high speed head). The supernatant 
solution was pipetted from the tubes and centrifuged for 30 minutes at 
38,500 r.p.m. (about 110,000 X g) (Specialized Instruments Corporation, 
rotor No. 40). The decanted supernatant solution and the residue (sus- 
pended in water to a volume corresponding to twice the weight of the 
fresh liver) were lyophilized and stored at —10°. The supernatant frac- 
tion (“soluble enzyme’’) was subjected to salt and alcohol fractionations 
and gel adsorptions and elutions. Although recovery of the enzyme was 
adequate with these procedures, purification was poor. The lyophilized 
soluble and residue fractions showed little loss in activity during stor- 
age for several weeks at —10°. Preparations from rat, mouse, pigeon, 
and chicken livers were much less active. Tissues other than liver, as 
well as crude extracts of yeast, Escherichia coli, and Clostridiwm kluyveri 
contained little or no activity. 

Stearhydroxamic acid was synthesized from ethyl] stearate (Eastman) by 
treating 1.0 ml. of a 0.1 mM ethereal solution with 2.0 ml. of a solution con- 
taining 1.25 per cent NH,OH- HCl and 1.25 per cent NaOH in 95 per cent 


3 All operations at 0-2° unless otherwise indicated. 
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0 ethanol. After incubation for 2 minutes at 60°, the solution was neutral- 
ized with acidic ethanol, the insoluble material removed by centrifugation, 
in and the clear supernatant solution stored at 0°. Acethydroxamic acid 
v- was kindly furnished by Dr. E. R. Stadtman. 
P Determinations—Hydroxamic acid derivatives of the fatty acids were 
te estimated by the method of Lipmann and Tuttle (15) with minor modifi- 
Py cations to include both the water-soluble and water-insoluble hydroxamic 
vy acids. The hydroxamic acid-containing incubation mixture (2.0 ml.) was 
a treated with 1 ml. of 7 per cent perchloric acid. The precipitate, contain- 
ing the water-insoluble hydroxamic acid, was collected by centrifugation 
)), and washed with 2.5 ml. of 3.5 per cent perchloric acid. The precipitate 
ar was extracted with 2.0 ml. of the ferric chloride Reagent A of Hill (16) 
diluted 1:100 in ethanol or methanol; the density of the solution was dez— 
)S- termined in a Beckman spectrophotometer at 520 my. The combined 
ed perchloric acid supernatant fluid and washing, adjusted to 5.5 ml., were 
It- treated with 0.5 ml. of 10 per cent FeCl; in 0.2 N HCl and examined in the 
als spectrophotometer at 520 mu. At this wave-length, a solution containing 
the ferric complex of 1 um of stearhydroxamic acid or acethydroxamic acid 
eS per ml. in a cell of 1 cm. light path has a density of approximately 1.00. 
om. The water-insoluble stearhydroxamic acid and the water-soluble acethy- 
ed droxamic acid when added to an incubation mixture were recovered in a 
rs yield of 95 to 97 per cent from the residue and water-soluble fractions, 
yut respectively. 
on CoA was assayed by the arsenolysis test of Stadtman e/ al. (17) and 
nut compared with a pure acetyl CoA standard. Pure CoA has been assigned 
ant a value of 316 units per micromole (413 units per mg.) (18). 
at ATP was determined spectrophotometrically as previously described 
on, (19). In the presence of glucose, hexokinase, myokinase, Zwischenfer- 
us- ment, and triphosphopyridine nucleotide (TPN), 2 moles of TPN are re- 
the duced per mole of ATP present. In the presence of myokinase, ADP also 
aC- brings about the reduction of TPN (mole per mole) and the term “‘kinase- 
ons labile phosphate” refers to the total number of phosphate groups deter- 
vas mined by TPN reduction. 
zed Ion exchange chromatography was carried out on Dowex 1 (2 per cent 
‘or- cross-linked, 200 to 400 mesh, chloride form) columns (8 cm. X 1 sq. em.), 
on, according to Cohn (20) at 2° with an automatic collector. 10 ml. fractions 
, as were obtained and elution conditions were adjusted to permit separation 
vert of inorganic pyrophosphate from ATP (7). Generally, A-5’-P appeared 
in Fraction 2, PP in Fractions 9 to 14, and ATP in Fractions 25 to 36. 
) by The molar extinction coefficient of 1.6 X 10‘ was used to estimate the con- 
:0n- centrations of the adenine nucleotides. PP was determined by radioac- 
ent tivity and assay with inorganic pyrophosphatase. P*? was measured in 
solution (1.0 ml.) in a dish under a Geiger-Miiller tube with a thin mica 
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window. C**-containing samples were plated as infinitely thin layers on 
copper disks and measured in a gas flow counter. The background was 
23 to 38 c.p.m. 


Results 
Formation of Hydroxamic Acid Derivatives 


Balance Studies with Soluble Enzyme Preparation—With hydroxylamine 
as a trapping agent in the incubation mixture, it was possible to use CoA 
in catalytic quantities to accumulate the hydroxamic acid derivatives of 
several higher fatty acids. Estimations of ATP removal were complicated 
by the presence of myokinase in the liver enzyme preparation and, for 
this reason, measurements included the acid-labile phosphate of both ATP 
and ADP (kinase-labile phosphate). As shown in Table I, approximately 
2 moles of kinase-labile phosphate (1 mole of ATP) were consumed for 
each mole of hydroxamic acid produced. Stoichiometry between removal 
of free fatty acid and the appearance of hydroxamic acid is indicated in 
Experiment III. This microdetermination was made possible by the use 
of C'4-labeled palmitic acid and the observation that the ferric complex 
of palmithydroxamic acid is, in contrast to free palmitic acid, insoluble 
in heptane. 

While it was possible by the use of ATP® to demonstrate the production 
of inorganic pyrophosphate in the reaction, quantitative results were inac- 
curate, owing to the presence in the enyzme preparation of a fluoride- 
insensitive ATPase which removed or exchanged the terminal inorganic 
pyrophosphate group (21). Further studies were therefore carried out 
with a residue enzyme fraction in which this interfering activity was vir- 
tually absent. 

Balance Studies with Residue Enzyme Fraction—These experiments re- 
vealed fairly close agreement between the amount of ATP consumed and 
the amounts of hydroxamic acid, A-5’-P, and inorganic pyrophosphate 
produced (Table II). The identity of the A-5’-P was established by en- 
zymatic hydrolysis of the esterified phosphate; the action of purified 5’- 
nucleotidase released an amount equivalent to 97 per cent of the A-5’-P 
value. Inorganic pyrophosphate was located as an isolated and symmet- 
rical peak in the identical area of the chromatogram observed in trial runs. 
Further identification was achieved by the action of purified inorganic 
pyrophosphatase which released 98 to 102 per cent as much orthophos- 
phate as did treatment with 1 Nn H.SO, for 15 minutes at 100°. The spe- 
cific activity of the pyrophosphate (in Experiment II)* was 2.36 x 10° 

4 A pool of unlabeled, inorganic pyrophosphate was added initially in Experiment 


I in anticipation that inorganic pyrophosphatase in the enzyme preparation might 
prove a serious nuisance; the results indicated that this precaution was unnecessary. 
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¢.p.m. per uM as compared with a value of 2.35 X 10° determined for the 
ATP. 


Influence of ATP Concentration on Rate of Reaction—In the absence of 
added ATP, hydroxamic acid formation was not detectable. The rate of 


TaBLeE [ 


Balance Study of Formation of Cu-, Cis-, and Cis-Hydroxamic Acids with Soluble 
Enzyme Fraction 

The experimental incubation mixtures contained 0.20 ml. of ATP (0.05 m), 0.30 
ml. of CoA (0.0024 m, 24 per cent pure), 0.30 ml. of cysteine (0.2 m), 0.20 ml. of NaF 
(0.5 m), 0.10 ml. of MgCl: (0.3 m), 0.40 ml. of fatty acid (0.02 m), 1.0 ml. of hydroxyl- 
amine (2 M solution of the hydrochloride adjusted to pH 7.4 with NH,OH), 0.60 ml. 
of lyophilized soluble supernatant fraction (830 mg. per ml.), and water to a final 
volume of 4.0 ml. The control incubation mixtures lacked CoA and fatty acid. 
Incubation was at 40° for 60 minutes. Aliquots of 0.50 ml. were taken at 0 and 60 
minutes for assay of kinase-labile phosphate. An aliquot of 2.0 ml. was taken at 60 
minutes for hydroxamic acid estimation. The values are expressed in micromoles. 








Experiment No. Fatty acid | ee Hydroxamic acid 
| | 

I Myristic Experimental _ —3.41 0.93 
Control —1.49 | 0.13 
A | —1.92 0.80 
II | es | Experimental —3.75 1.11 
| Control —0.95 0.15 
| A | —2.80 0.96 
III Palmitict | Experimental —4.78 1.80 
Control | —1.78 0.36 

| A | —3.00 1.44f 
IV | Stearic | Experimental —4.30 1.25 
| Control —2.03 | 0.34 
| A 2.27 | 0.91 





* The experimental and control values represent the difference between the 0 and 
60 minute samples. 


{ Palmitate-1-C (4.0 um, 2.1 X 105 c¢.p.m. per uM) was used in this experiment. 
The hydroxamic acid was separated from the unchanged fatty acid as a methanol- 
soluble, heptane-insoluble ferric complex and contained 3.0 X 105 c.p.m., equivalent 
to 1.42 um. The heptane fraction contained 5.3 X 10° c.p.m., equivalent to 2.52 
vm of unchanged fatty acid, indicating the disappearance in the reaction of 1.48 um 
of fatty acid. 


reaction increased with ATP concentration within the limits tested (7.5 X 
10-* m) (Fig. 1). However, even at low concentrations (3 X 10-4 m) the 
rate was relatively rapid. (For experiments in which the rigid exclusion 
of ATP is essential, it is necessary to examine the CoA preparations, since 
the latter are commonly contaminated with ATP (5).) When ATP was 
replaced by an equimolar concentration of ADP, the rate of reaction was 
18 to 20 per cent as great. It appears likely that this ADP effect was 
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indirect and could be related to the action of myokinase in the enzyme 
preparations, since the addition of hexokinase and glucose (which rapidly 
remove ATP) reduced the ADP rate by two-thirds or more. 


TaBLe II 


Balance Study of Formation of Cys- and C\.-Hydroxamic Acids with Residue Enzyme 
Fraction 

In Experiment I the incubation mixture contained 0.20 ml. of ATP*®? (0.02 m, 
2 X 10° c.p.m.), 0.30 ml. of CoA (0.0029 m, 42 per cent pure), 0.30 ml. of cysteine 
(0.2 m), 0.20 ml. of NaF (0.5 m), 0.10 ml. of myristate (0.02 m), 0.60 ml. of inorganic 
pyrophosphate (0.02 m, pH 7.4), 1.0 ml. of hydroxylamine (2 m solution of the hy- 
drochloride adjusted to pH 7.4 with NH,OH), 0.40 ml. of lyophilized residue fraction 
(30 mg. per ml.), and water to a final volume of 4.0ml. In Experiment II the incuba- 
tion mixture differed from the above in that palmitate replaced myristate and 
inorganic pyrophosphate was omitted. The control incubation mixtures in both 
experiments lacked CoA and fatty acid. Incubation was at 40° for 30 minutes. 
Aliquots of 0.25 ml. were taken at 0 and 30 minutes for ATP assay. An aliquot of 
1.50 ml. was taken at 30 minutes for hydroxamic acid estimation, and the remain- 
der (2.0 ml.) was heated for 3 minutes in a boiling water bath. The precipitate 
was removed by centrifugation. The supernatant fraction was adjusted to 20.0 
ml. and pH 8.5, and chromatographed on Dowex 1 (chloride) (2 per cent cross- 
linked) anion exchange resin. The values are expressed in micromoles. 


























Seppeinent Fatty acid ATP* air amas goo porape 
I Myristic | Experimental | —4.86 3.89 4.70 4.10 
Control —0.66 0.35 0.62 0.86 

A —4,20 +3.54 +4.08 +3.24 

II Palmitic Experimental | —4.20 3.37 4.08 3.61 
Control —0.55 0.35 0.46 0.10 

A —3.65 +3.02 +3.62 | +3.51 





* The experimental and control values represent the difference between the sam- 
ples taken at 0 and 30 minutes. The ATP values are derived by dividing the kinase- 
labile phosphate values by 2. 


In the presence of excess fatty acid and higher enzyme concentrations, 
the utilization of small amounts of ATP approached the theoretical limit 
(Table III). 

Influence of Fatty Acid Structure and Concentration on Rate of Reaction— 
The results of a gross comparison of a series of straight chain saturated 
fatty acids from acetic to docosanoic (C22) with regard to the rate of hy- 
droxamic acid formation are shown in Fig. 2. The acids from C2 to C, 
were inert; the higher fatty acids showed a range of activities with a maxi- 
mal value in the neighborhood of lauric acid (Ciz)._ The interpretation of 
these and similar data is limited, however, by several factors, including 
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the possibility that the crude enzyme preparation may include more than 
one type of hydroxamic acid-forming activity, the uncertainty regarding 
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Fic. 1. Influence of ATP concentration on rate of hydroxamic acid formation. 
The two curves represent two experiments with different enzyme preparations. The 
incubation mixture contained 0.20 ml. of palmitic acid (0.02 m), 0.10 ml. of CoA 
(0.0032 mM, 55 per cent pure), 0.15 ml. of cysteine (0.2 mM), 0.10 ml. of NaF (0.5 M), 
0.05 ml. of MgCl. (0.3 m), 0.5 ml. of hydroxylamine (2 M solution of the hydrochloride 
adjusted with NH,OH to pH 7.4), 0.05 ml. of lyophilized residue (30 mg. per ml.), 
ATP to achieve the indicated concentration, and water to a final volume of 2.0 ml. 
Incubation was for 30 minutes at 40°. 


TABLE III 
Utilization of Limiting Amounts of ATP and Fatty Acid in Formation of Hydrozxamic 
Acid 

The incubation mixtures contained 0.10 ml. of CoA (0.0038 m, 42 per cent pure), 
0.15 ml. of cysteine (0.2 m), 0.10 ml. of NaF (0.5 m), 0.05 ml. of MgCl; (0.3 m), 0.5 ml. 
of hydroxylamine (2 m solution of the hydrochloride adjusted to pH 7.4 with NH,OH), 
0.20 ml. of lyophilized residue fraction (30 mg. per ml.), ATP and palmitic acid in the 
amounts indicated, and water to a final volume of 2.0 ml. Incubation was for 60 
minutes at 40°. The values are expressed in micromoles. 








ATP-limiting, 4.0 um palmitic acid | Palmitic acid-limiting, 8.4 ua ATP 
ATP | Hydroxamic acid formed Palmitic acid Hydroxamic acid formed 
& zee : = | es gh ES ee ee eee 
0.42 | 0.40 | 0.50 0.50 
0.84 0.69 1.00 | 0.84 
1.68 | 1.16 | 2.00 | 1.18 





the actual concentrations of these insoluble compounds, and lack of evi- 
dence that optimal rates were obtained for each fatty acid under the ex- 
perimental conditions. The unsaturated Cis fatty acids, including chaul- 
moogric acid, were activated to form hydroxamic acid derivatives, while 
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the dicarboxylic acids (Cg to Cio) were not (Table IV). It may be noted 
that marked inhibitory effects are observed with the di- and trienoic acids 
at concentrations of 2 X 10-* a. 
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CARBON CHAIN LENGTH 


Fig. 2. Influence of chain length of saturated fatty acids on rate of hydroxamic 
acid formation. The incubation mixture contained 0.20 ml. of ATP (0.05 m), 0.15 
ml. of CoA (0.0038 m, 42 per cent pure), 0.15 ml. of cysteine (0.2 m), 0.05 ml. of MgCl, 
(0.3 m), 0.5 ml. of hydroxylamine (2 Mm solution of the hydrochloride adjusted to pH 
7.4 with NH,OH), 0.10 ml. of lyophilized residue fraction (30 mg. per ml.), 0.2 ml. 
of fatty acid (0.02 m), and water to a final volume of 2.0 ml. Incubation was for 30 
minutes at 40°. 


TaBLe IV 
Capacity of Unsaturated and Dicarbozylic Acids to Form Hydroxamic Acids 


The incubation mixtures contained 0.20 ml. of ATP (0.05 m), 0.15 ml. of CoA 
(0.0029 m, 42 per cent pure), 0.15 ml. of cysteine (0.2 m), 0.05 ml. of MgCl (0.3 m), 
0.5 ml. of hydroxylamine (2 m solution of the hydrochloride adjusted to pH 7.4 with 
NH,OH), 0.10 ml. of lyophilized residue fraction (30 mg. per ml.), fatty acid as indi- 
cated, and water to a final volume of 2.0 ml. Incubation was for 30 minutes at 40°. 























Experiment I Experiment IT 

Fatty acid Concentration | HY ne Fatty acid bddaisinnidiim Hy a a 
mans serr"s —<se f uxt | ope 
Oleic 0.5 0.72 | Suberic 0.5 0.0 
2.0 0.74 2.0 0.0 
Linoleic 0.5 0.54 Azelaic 0.5 0.0 
2.0 0.24 2.0 0.0 
Linolenic 0.5 0.67 Sebacic 0.5 0.0 
2.0 0.25 | 2 aa 
Palmitic | 2.0 | 1.20 | Chaulmoogric | 0.5 0.67 
| 2.0 1.46 
| | Palmitic |; 2.0 1.09 





* All the hydroxamic acids formed were water-insoluble. 
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The affinity of palmitic acid (Cis) for the enzyme is fairly high, as indi- 
cated by the observation that optimal rates were obtained at the lowest 
concentration tested (2.5 X 10-4) (Table V). With nonanoic acid (Cs) 
optimal rates were not attained even at a concentration of 1 X 107 m. 
When both Cy and Cy. fatty acids were incubated together, inhibition of 
the formation of both the water-soluble (Cs) and water-insoluble (C,.) 
hydroxamic acids was observed. 

With an excess of ATP and with higher enzyme concentrations, the 
conversion of small amounts of fatty acid was almost complete (Table ITI). 


TABLE V 
Influence of Fatty Acid Concentration on Formation of Cy- and C\s5-Hydroxamic Acids 


The experimental conditions were as described in Table IV except for the enzyme 
addition, which was 0.01 ml. of lyophilized residue (30 mg. per ml.) in Experiment I 
and 0.10 ml. in Experiment II. The values are expressed in micromoles. 





Fatty acid concentration, m X 10 
| 


| 
| Waterectabiuty [-—"-. CO e 
Experiment No.|_ Fatty acid | of a an 0.0 | 0.25 | 0.50 | 0.75 | 1.00 
aci 





Hydroxamic acid 











PrP 4 @& Insoluble | 0.0 | 0.24 0.28 | 0.28 | 0.25 
II Cy Soluble 0.0 0.30 0.47  0.56° 0.66 
Cie Insoluble | | 1.30 

Cs + Cist | Soluble | | | 0.46 
Insoluble | | | | 0.78 





* In this experiment it was necessary to use a small amount of enzyme in order 
to avoid extensive utilization of the substrate. 
t Each present at 1 X 107? a. 


Influence of CoA Concentration on Rate of Reaction—Maximal rates were 
observed with a CoA level of 2 X 10-‘ m and half maximal rates at one- 
fifth of this concentration (Table VI). With five CoA preparations, vary- 
ing in purity from 4 to 63 per cent and derived from both yeast and Ac- 
tinomyces, the reaction rates differed by 12 per cent or less. 

Properties of Enzyme Preparation and Other Factors Influencing Reaction— 
With the soluble enzyme preparation, excellent proportionality of rate to 
enzyme additions of 5 to 30 mg. (incubated in 2 ml. for 30 minutes) was 
observed. Proportionality with the lyophilized residue preparation, even 
over a more limited range of enzyme concentrations, was less satisfactory. 
The enzyme activity in both preparations was labile to heat, being com- 
pletely destroyed after exposure for 5 minutes in a 55° water bath. Treat- 
ment of the residue fraction with a crude trypsin preparation (2 mg.) for 
30 minutes at 40° destroyed approximately 80 per cent of the activity. 
The reaction rate at 40° was 2 to 3 times as rapid as at 25°. 
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While the rate of reaction was directly proportional to the hydroxyl- 
amine concentration up to 0.5 mM, the rate at 1 mM, however, was only 20 
per cent greater than that at 0.5 m. The requirement for cysteine was 
absolute, owing to the fact that the oxidized form of CoA was used through- 
out. The need for Mgt* was not established, although stimulation of the 
rate (up to 30 per cent) was observed on addition of Mgt+ (7 X 10-* m). 
There was no significant variation of activity detectable in the pH range 
from 6.5 to 8.0. 

Fluoride (0.025 m) was used to inhibit the ATPase and PPase activities 
which were observed in both the soluble and residue enzyme preparations; 
no inhibition of hydroxamic acid formation was observed at this fluoride 
concentration. Glycocholate and desoxycholate (0.02 m) almost com- 
pletely inhibited the reaction. 


TaBLe VI 
Influence of CoA Concentration on Rate of Hydroxamic Acid Formation 
The incubation mixture contained ATP, cysteine, MgCl2, hydroxylamine, and 
lyophilized residue as in Table IV, 0.20 ml. of palmitate (0.02 m), CoA (42 per cent 


pure) in the amounts indicated, and water to a final volume of 2.0 ml. Incubation 
was for 30 minutes at 40°. 





COREE TOG ioc sdes Res sabecsccbiee | 9.00 sj) ee | wm} as 2.8 





| | 
| 9 ; 
Hydroxamic acid, u......... 0.00 | 0.63 | 0.94 | 1.33 | 1.40 | 1.40 
| ! 





Formation of Acyl CoA Derivatives 


Balance Studies—With CoA in stoichiometric quantities, it was possible 
to avoid the use of NH,OH and to demonstrate quantitative correspond- 
ence between the ATP and CoA consumed and the acyl CoA, A-5’-P, and 
PP formed (Table VII). The isolation and identification of the acyl CoA 
derivative is considered below. A-5’-P was isolated as in previous experi- 
ments by ion exchange chromatography and further identified by enzym- 
atic hydrolysis. PP likewise was isolated chromatographically and its 
identity verified by enzymatic hydrolysis. The specific activity of the 
isolated PP was 1.95 X 10° c.p.m. per uM as compared with a value of 2.05 
X 10° for ATP isolated from the incubation mixture. 

Since previous experiments indicated that this enzyme preparation failed 
to activate the short chain fatty acids (Cz to C,), it was of interest to in- 
vestigate the possibility that a system, such as the CoA transphorase of 
C. kluyveri (22), might be present for transferring CoA from acetyl CoA, 
for example, to palmitate. With an experimental incubation mixture like 
that described in Table VII, except that ATP was replaced by 20 um of 
acetyl phosphate and about 35 units of phosphotransacetylase (14), there 
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was no detectable formation of palmityl CoA. Results were also negative 
when 5 uM of inorganic pyrophosphate were present in addition. 
Isolation and Analysis of Palmityl CoA—The experimental conditions 
were as described in Table VII, except that the scale was 10 times as great 
and C-labeled palmitic acid and 200 um of unlabeled ATP were used. 
After incubation, the mixture was treated with 50 ml. of cold 1 per cent 
perchloric acid, rapidly chilled to 0°, and centrifuged for 5 minutes at 


TaBLe VII 
Balance Study of Formation of Palmityl CoA 


The experimental incubation mixture contained 1.00 ml. of ATP*? (0.01 m, 2 X 10 
c.p.m.), 0.80 ml. of CoA (0.0034 m, 42 per cent pure), 0.30 ml. of cysteine (0.2 m), 
0.20 ml. of NaF (0.5 m), 0.10 ml. of MgCls (0.3 m), 0.40 ml. of palmitate (0.02 m), 
0.40 ml. of phosphate buffer (0.5 m, pH 7.4), 0.30 ml. of lyophilized residue fraction 
(30 mg. per ml.), and water to a final volume of 4.0 ml. The control incubation mix- 
ture lacked CoA and fatty acid. Incubation was at 40° for 60 minutes. Aliquots of 
0.25 ml. were taken at 0 and 60 minutes for ATP and CoA assay. An aliquot of 1.50 
ml. was taken at 60 minutes, heated in a 65° bath for 3 minutes to inactivate the 
enzyme, treated with 0.375 ml. of 2m NH2OH (pH 6.7), incubated for 30 minutes at 
40°, and then analyzed for hydroxamic acid. The remaining 2.0 ml. were heated for 
3 minutes in a boiling water bath. After removal of the precipitate by centrifuga- 
tion, the supernatant fraction was adjusted to 20.0 ml. and pH 8.5 and chromato- 
graphed on Dowex 1 (chloride) (2 per cent cross-linked) anion exchange resin. The 
values are expressed in micromoles. 











| | Palmityl CoA | 4 senosine-s’. | 
ATPt | Coat | Chydroxamic | “DRSSPhate | pyrophesphate 
sg tt ee Ue ee a 
Experimental...... | —2.51 | —2.18 | 2.07 | 2.40 | 2.24 
i | 0.29 | | 02% | 8 | Om 
Be ests aces | —2.22 | —-2.18 | +1.83 | +2.04 | 42.13 





* The experimental and control values represent the difference between the sam- 
ples taken at 0 and 60 minutes. The ATP values are derived by dividing the deter- 
mined kinase-labile phosphate values by 2. 

+ 2.75 um of CoA were present at 0 minute. 


12,000 r.p.m. (International centrifuge, high speed head). The residue 
was washed twice with 25 ml. portions of 1 per cent perchloric acid and 
three times with 8 ml. portions of cold 80 per cent ethanol. The residue 
(in a glass tube) was extracted three times at 40° with 4 ml. portions of a 
solution containing equal parts of water, isopropanol, and pyridine. The 
combined extracts were taken to dryness in a 40° bath under a stream of 
helium and dissolved in water with the aid of 2 drops of 0.6 Nn KOH. The 
colorless, faintly turbid solution contained 11.5 uM of thio ester, represent- 
ing a 71 per cent yield based on analysis of an aliquot of the incubation 
mixture prior to perchloric acid treatment. The yields in three other runs 
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were 74, 79, and 84 per cent. A preparation of myristyl CoA was carried 
out with essentially similar results. Solutions of the neutral salts of the 
acyl CoA derivatives withstood heating at 100° for 1 minute and were 
stable for at least 3 months when stored at — 10°. 

Analysis of the isolated product indicated a close agreement between 
the value for hydroxamic acid and those for bound CoA and bound fatty 
acid (Table VIII). When tested in the arsenolysis test directly, no reac- 
tion was observed, indicating both the absence of free CoA and the failure 
of palmityl CoA to react in this test. Treatment with cysteine at alkaline 





Tasie VIII 
Analysis of Palmityl CoA 
Method 
on eae ee: 


Bound palmitic acid | C content of heptane-insoluble ferric hydrox- | 1.15 


i 
Acyl CoA lay Hydroxamic acid 1.15 
| 

| _amic complex 

| 


Free palmitic acid C* content of heptane extracts* | 0.0 

Bound CoA Cysteine splitting followed by arsenolysis as- | 1.21 
| sayt 

Free CoA Arsenolysis assay | 0.0 





* 0.26 um of the ferric hydroxamate complex (in 2.0 ml. of methanolic Reagent A) 
contained 5.00 X 10‘ c.p.m. and was therefore equivalent to 0.26 um of palmitate 
(specific activity of 1.90 X 105 c.p.m. per wm). After extracting the methanolic 
solution with three 2.5 ml. portions of heptane, the methanol phase retained all the 
counts (5.08 X 10‘ c.p.m.) and there was no detectable radioactivity in the heptane 
extracts. 

¢ 0.1 ml. (0.115 um) was incubated for 60 minutes at 40° in 1.5 ml. of m/15 glycine 
buffer, pH 9.0, containing 20 um of cysteine. 


pH served, as in the case of acetyl CoA (23), to decompose the acylmer- 
captan and release the expected amount of free CoA.® 

Further information was provided by paper chromatography. With 
several solvent systems, the neutral palmityl CoA migrated as a sharp 
zone in which the ultraviolet absorption due to adenine (quenching of 
fluorescence induced with a No. V41 Mineralight lamp), a nitroprusside 
reaction (elicited without reduction but only after alkaline treatment), and 
radioactivity were superimposed. With a developing solution containing 
equal parts of water, isopropanol, and pyridine, the Rr was 0.34. When 
the water content of this mixture was reduced to a ratio of 1:2:2, the Rr 
was reduced to near zero. The R, increased with increasing water content 
of the mixture (0.67 with a ratio of 2:1:1 and 0.76 with a ratio of 4:1:1), 


5 We are indebted to Dr. E. R. Stadtman for suggesting this method. 
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reaching a value of 0.80 with water alone. At pH 4.5, the compound mi- 
grates in 60 per cent ethanol with an Rr of 0.6, but remains close to the 
origin when 40 or 80 per cent ethanol is used. 

Metabolism of Acyl CoA Derivatives—The utilization of the isolated acyl 
CoA derivatives for the esterification of a-glycerophosphate to form phos- 
phatidice acids will be considered in the succeeding report (4). Evidence 
has also been obtained for the enzymatic hydrolysis of palmityl CoA (Table 


TaBLE IX 
Breakdown of Palmityl CoA 


In Experiments I and Ia the incubation mixtures contained 0.5 ml. of palmity) 
CoA (0.95 um per ml.), 0.05 ml. (Experiment I) or 0.20 ml. (Experiment Ia) of ly- 
ophilized*residue fraction (30 mg. per ml.), 0.05 ml. of MgCl. (0.3 m), 0.10 ml. of 
NaF (0.5m), 0.20 ml. of glycylglycine buffer (0.5 m, pH 7.4), and water to a final 
volume of 2.0 ml. A-5’-P (4.2 um) and PP (5.0 um) were added as indicated. After 
60 minutes of incubation at 40°, the mixture was heated for 3 minutes at 65° and then 
treated with NH.OH as in Table VII. In Experiments II and Ila the incubation 
mixtures contained 0.2 ml. of palmityl CoA (0.98 um per ml.), 0.10 ml. (Experiment 
II) or 0.20 ml. (Experiment IIa) of lyophilized residue fraction (30 mg. per ml.), 
0.10 ml. of NaF (0.5 m), 0.10 ml. of glycylglycine buffer (0.5 m, pH 7.4), and water 
to a final volume of 1.0 ml. A-5’-P (5.2 um) and PP (4.0 um) were added as indi- 
cated. After 30 minutes incubation at 23°, the mixture was heated for 2 minutes in 
a boiling water bath and then analyzed for free CoA. The values are expressed in 
micromoles. 


Additions 

Experiment No. | Control* : : vf 
None A-5’-P A-5’-P, PP 

I Hydroxamic acid remaining | 0.47 0.23 0.20 | 0.16 

Ta | . si 7 | 0.47 | 0.11 0.07 | 0.05 

II Bound CoA ‘| 0.19 | 0.12 | | 0.09 

IIa “ ° | 0.19 | 0.09 | | 0.05 

| 


* Incubation mixture heated for 2 minutes in a boiling water bath before addition 
of palmityl CoA. 


IX). While some indications were observed that suggest the participation 
of A-5’-P and PP in the cleavage of palmityl CoA, convincing evidence on 
this point is lacking. 


DISCUSSION 


On the basis of these studies, the over-all equation for CoA activation 
of the higher fatty acids appears to be identical with that of acetate ac- 
tivation described by Lipmann et al. (24). Green has recently reported 
(25) that the formation of butyryl CoA also involves the release of inor- 
ganic pyrophosphate from ATP. Whether the intimate mechanism of the 
butyryl and higher fatty acid CoA syntheses involves the formation of a 
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CoA-pyrophosphate intermediate, as described for the ATP-CoA acetate 
reaction (24), remains to be determined. 

While this investigation of fatty acid activation was motivated by an 
interest in phospholipide formation, it is apparent that the findings may 
have wider application. The acyl CoA derivatives of the higher fatty acids 
may function in the esterification of other alcohols (in addition to L-a- 
glycerophosphate) and as the reactive entities in oxidative reactions. With 
regard to the latter, Drysdale and Lardy (26) have observed the formation 
of hydroxamic acid derivatives of fatty acids of intermediate chain length 
in the course of studying the oxidation of these fatty acids by liver enzyme 


preparations. 
SUMMARY r 


1. The conversion of higher fatty acids to the corresponding acyl coen- 
zyme A derivatives has been demonstrated with soluble and insoluble liver 
enzyme preparations. 

2. In the presence of ATP, hydroxylamine, and catalytic amounts of 
CoA, the hydroxamic acid derivatives were formed according to the equa- 
tion 

Fatty acid + ATP + NH.OH — hydroxamic acid + adenosine-5’-P + 
inorganic pyrophosphate 

3. With stoichiometric amounts of CoA, the formation of the acyl CoA 
derivatives occurred according to the equation 


Fatty acid + ATP + CoA acyl CoA + adenosine-5’-P + inorganic pyrophosphate 


4, Palmityl CoA was isolated from a reaction mixture and shown to be 
essentially pure on the basis of its CoA and fatty acid content and chro- 
matographic behavior. 

5. Straight chain saturated fatty acids (Cs to Cx.) were enzymatically 
converted (at varying rates) to hydroxamic acid derivatives; acetic, pro- 
pionic, and butyric acids were inactive. The mono-, di-, and trienoic Cis 
acids served as substrates; the Cs-, C»o-, and Cyo-dicarboxylic acids were 
inactive. 
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ENZYMATIC ESTERIFICATION OF a-GLYCEROPHOSPHATE BY 
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Earlier work on the biologic synthesis of phosphorus-containing lipides 
has demonstrated that simple units such as choline and phosphate are 
incorporated into phospholipide fractions by cell-free preparations (1). 
There was no clear indication, however, as to the mechanism involved in 
assembling the units of the complex phospholipide molecule. In exploring 
this problem we observed that L-a-glycerophosphate (a-GP) was a pre- 
cursor in the rapid enzymatic synthesis of a phospholipide, which was 
provisionally identified as a phosphatidic acid (2). Kennedy (3), investi- 
gating conversion by liver mitochondria of inorganic phosphate to a fat- 
soluble form, also found that a-GP served as an intermediate. 

The preceding paper (4) describes the enzymatic activation of the higher 
fatty acids by adenosinetriphosphate (ATP) and coenzyme A (CoA). This 
report contains evidence that the formation of the diacylphosphatidic acids 
proceeds by the esterification of a-GP with the activated acyl coenzyme A 
derivatives of the higher fatty acids. This synthesis has been demon- 
strated indirectly starting with ATP, CoA, and fatty acid and also directly 
from palmityl CoA synthesized chemically or enzymatically. 


Methods 


Materials—The sources of fatty acids, coenzymes, and some enzyme 
preparations were as described previously (4). Crystalline monopalmitin 
and bovine serum albumin were obtained from the Armour Laboratories. 

L-a-GP labeled with P* was prepared by the synthetic action of semen 
phosphatase according to the general directions of Meyerhof and Green (5). 
Details of a typical preparation were as follows: A weakly acid solution 
of P* inorganic orthophosphate, obtained from the Oak Ridge National 
Laboratory, had a specific activity of 0.025 mg. per mc. A volume of this 
solution containing about 2 mc. was neutralized and evaporated to near 
dryness under a stream of air in a bath at 40°. 3.28 ml. of phosphate 
buffer (1 mM, pH 5.8), 5.22 gm. of glycerol, and 0.9 ml. of human semen were 
added, and the mixture was incubated for 40 hours at 40°. About 20 ml. 
of water, 3.0 ml. of unlabeled L-a-GP (0.083 m), and 8.0 ml. of magnesia 


* Present address, Department of Microbiology, Washington University School 
of Medicine, St. Louis, Missouri. 
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mixture! were added. After 2 hours at 0°, the precipitate was centrifuged 
and washed four times with 2.0 ml. portions of 10-fold diluted magnesia 
mixture. The supernatant solution and washings were combined and fil- 
tered. The faintly turbid filtrate was reduced in volume by vacuum distil- 
lation to about 8 ml. with capryl alcohol added to prevent foaming. The 
concentrate (including 4 ml. of flask washings) was treated with 2.0 ml. 
of BaBr, (1 M), about 0.5 ml. of 5 n NaOH (to bring the pH to about 9), 
and 3.5 ml. of ethanol. After 1 hour at 0°, the small precipitate was 
centrifuged and discarded. 80 ml. of ethanol were added to the super- 
natant solution, and the mixture was left overnight at 0°. The precipitate 
was collected by centrifugation, washed once with 10 ml. of ethanol, and 
dried in vacuo over KOH and CaCl. To decompose the barium salt, the 
dried sample (weighing 200 mg.) was dissolved in 6 ml. of water containing 
4 drops of 2 n HCl and passed through a Dowex 50 (Kt) column (200 to 
400 mesh) 2 cm. X 1 sq. cm.; the column was washed with water and the 
combined filtrates were neutralized. The recovery of radioactivity in the 
ion exchange decomposition of the barium salt was 98 per cent. The final 
product contained 9.5 per cent of the original radioactivity, no orthophos- 
phate, and 550 um of organic phosphate. The latter value represents a 
recovery of 96 per cent of the a-GP added as carrier. The barium salt was 
80.9 per cent pure without any correction for moisture content. In twelve 
preparations, for which complete data are available, no notable deviations 
from these results were encountered. Omission of carrier a-GP on two 
occasions appeared to reduce the final yield by 25 to 50 per cent. On the 
basis of periodate titration some preparations contained free glycerol. 

Barium L-a-glycerophosphate was prepared by the method of Bailly (6) 
and kindly furnished by Dr. J. E. Seegmiller and Dr. O. Hayaishi. The 
purity was 95 per cent, based on periodate titration. 6-Glycerophosphate 
was obtained commercially. 

Palmityl CoA was prepared enzymatically (4) or by chemical synthesis 
from thiopalmitic acid. A crude preparation of the latter was synthesized 
as follows: 32.4 gm. of palmitic acid, 7.7 gm. of pulverized P.S;, and 9.1 
gm. of glass beads (4 mm.) were mixed in a 1 liter flask and heated in an 
electric mantle. When the internal temperature reached about 165°, there 
was vigorous foaming and darkening, and the flask was removed from the 
heater. The temperature rose to 185° within a few seconds and then was 
permitted to cool to room temperature. The flask contents were washed 
out with 125 ml. of cyclohexane; the insoluble material was separated by 
centrifugation and discarded. The clear supernatant solution was washed 
once with an equal volume of water; it contained 40.4 mm of thio acid by 
hydroxylamine assay, representing a 32 per cent conversion of palmitic 


1The mixture contained MgBr2 (0.5 m), NH,Br (2.0 m), and NH.OH (2m). 
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acid. Vacuum distillation at 180—-200° (after removal of cyclohexane at 
room temperature) yielded a clear light yellow oil which, although ap- 
proximately 90 per cent pure, contained enzyme inhibitors and was there- 
fore unsuitable for the preparation of acyl CoA. Precipitation of the 
potassium salt of the thio acid from cold alcohol or cold alcohol-acetone 
mixtures yielded a pale yellow product (wax at 0° and oil at 40°) which 
was used directly for acylation of CoA by the method of Wilson (7). 3 mg. 
of CoA (51 per cent pure) were dissolved in 0.5 ml. of an aqueous solution 
of potassium thiopalmitate (containing about 400 uM) at 40° and incubated 
for 2 hours. The sample was then diluted to 2.0 ml. with water, adjusted 
to pH 2.5 with 0.2 ml. of 2 n HCl, and extracted nine times with 6 ml. 
portions of ether to remove the unchanged thio acid. The small precipi- 
tate in the aqueous phase was collected by centrifugation, suspended in 
about 2 ml. of water, aerated to remove ether, and almost completely 
dissolved on neutralization with 0.1 ml. of 0.1 N KOH. The final volume 
was adjusted to 3.0 ml. The Ry values of the product on paper chroma- 
tography in several solvents were the same as those described for enzymati- 
cally prepared palmityl CoA (4). On the basis of the extent of esterification 
of a-GP® (see ‘‘Results’’) the yield of acyl CoA, referred to CoA, was about 
80 per cent. 

The enzyme preparation used throughout was the lyophilized guinea 
pig liver “residue fraction” described earlier (4). Unlike the enzyme re- 
sponsible for fatty acid activation, which was found in both the soluble and 
insoluble Spinco fractions, the esterification activity was found only in the 
residue fraction. Exposure of liver to liquid N¢ or of the liver homogenate 
to low pH, repeated freezing and thawing, alcohol fractionation, or sonic 
treatment released no detectable activity into a soluble fraction (super- 
natant solution after 30 minutes at 110,000 X g in the Spinco centrifuge). 
However, the presence of an inhibitor in the Spinco supernatant solution 
(indicated by a depression of 50 to 60 per cent of the activity of the residue 
fraction) may have obscured some enzyme activity. Extracts of whole 
liver acetone powder retained only about 2 per cent of the activity present 
in the liver homogenate. 

Determinations—Hydroxamice acid derivatives of the higher fatty acids, 
CoA, ATP, adenosine-5’-phosphate (A-5’-P), and inorganic pyrophosphate 
(PP) were estimated as described previously (4). 

The rate and extent of esterification of a-GP® were assayed as follows: 
The mixture incubated in a 6 ml. round bottom centrifuge tube (for use in 
the International multispeed centrifuge) was treated with an equal volume 
of 7 per cent perchloric acid and centrifuged to collect the precipitate.* 


2 When the size of the precipitate appeared too small to handle conveniently, 0.1 
ml. of crystalline bovine serum albumin (6 per cent) was added. 
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The latter was then washed three times with 2.5 ml. portions of 3.5 per cent 
perchloric acid.* The precipitate was routinely extracted with 2 ml. of 
ethanol, but methanol and an alcohol-ether mixture (3:1) were used on 
occasion. The radioactivity of the ethanolic extract was taken to repre- 
sent a-GP® converted to a lipide form, since no counts were obtained in 
control experiments in which heated enzyme was used or an essential 
component of the reaction, such as ATP, was omitted. Extraction of the 
fat-soluble P® from the residue was essentially complete (>95 per cent) 
with a single ethanol treatment at room temperature; similar results were 
obtained with extractions at 2-5° or at boiling temperature and also with 
the other solvents mentioned. In preparative experiments (see “‘Results’’) 
extracts were kept chilled or neutralized. 

P® was measured in solution (1.0 ml.) in a dish under a Geiger-Miiller 
tube with a thin mica end window. For a more sensitive estimation of 
P*, or for the measurement of P* and C" in a single sample, aliquots were 
plated as infinitely thin layers on copper disks and assayed in a gas flow 
counter. With two layers of cellophane tape or one layer of Parafilm 
covering the disk, 99.9 per cent of the C“ counts were absorbed, while 76 
or 80 per cent, respectively, of the P*®? counts remained. 

Esterified a-GP® was chromatographed on columns of 2 per cent cross- 
linked Dowex 1 (chloride), 200 to 400 mesh, washed with ethanol just be- 
fore use. Further details are indicated with specific experiments. 

Estimation of ester groups with hydroxylamine at alkaline pH was by 
a modification of Hill’s method (8). Crystalline monopalmitin, as a model 
test substance, in 3 ml. of ether was treated with 0.06 ml. of 2.5 per cent 
NH.OH (in 95 per cent ethanol) and 0.06 ml. of 2.5 per cent NaOH (in 95 
per cent ethanol) and heated in a 65° bath. The sample dried in about 1.5 
minutes, but heating was prolonged for about 10 seconds. Water (2 ml.), 
crystalline albumin (0.05 ml. of a 6 per cent solution), and then 1 ml. of 
7 per cent perchloric acid were added. The precipitate was washed once 
with 2 ml. of 3.5 per cent perchloric acid, extracted with 2 ml. of ferric 
chloride Reagent A of Hill (8), and the density of the extract determined 
at 520 my in a Beckman spectrophotometer. Assuming a molecular ex- 
tinction coefficient of 1 X 10° for the ferric complex of hydroxamic acids 
(4), the recovery of 0.25 to 1.0 um of monopalmitin as the hydroxamic acid 
was 102 to 106 per cent. A sample of dipalmitylphosphatidic acid, ob- 
tained through the kindness of Dr. E. Baer, had a ratio of ester groups to 
phosphorus of 1.82. 

Microestimation of choline, ethanolamine, and serine was made by the 
unpublished methods of Axelrod, Brodie, and coworkers. 


3 Quick and effective washing of the residue was effected by the use of a plunger 
made of a glass rod with a bulbous end (about 1 ml. in volume) closely fitted to the 
bore of the tube. 
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Results 


Balance Studies on Esterification of a-Glycerophosphate by Palmitate in 
Presence of ATP and CoA—Activation of the higher fatty acids by ATP 
and CoA for the esterification of a-GP was accompanied by the release of 
PP and A-5’-P in amounts equivalent to the ATP consumed (Table I). 
The extent of conversion of a-GP® to a lipide material, measured by P® 


TaBLeE I 
Balance Studies on Esterification of a-Glycerophosphate 

In Experiment I the incubation mixture contained 0.66 ml. of a-GP*® (0.038 m, 
2.1 X 107 ¢.p.m.), 0.12 ml. of CoA (0.0024 m, 34 per cent pure), 0.30 ml. of cysteine 
(0.2 m), 0.25 ml. of ATP (0.04 m, 2.6 X 106 c.p.m.), 0.50 ml. of C'-palmitate (0.02 
M, 2.9 X 10° c.p.m.), 0.12 ml. of MgCle, 0.50 ml. of NaF, 0.60 ml. of potassium phos- 
phate buffer (0.5 M, pH 7.0), 1.0 ml. of lyophilized residue fraction (50 mg. per ml.), 
and water to a final volume of 6.0 ml. Incubation was at 23° for 2 hours. Aliquots 
of 0.25 ml. were taken at 0 and 2 hours for ATP assay. At 2 hours, an aliquot of 
2.0 ml. was used for isolation and measurement of PP and A-5’-P by ion exchange 
chromatography as described previously (4). The remaining 3.5 ml. were treated 
with 2.0 ml. of cold 7 per cent perchloric acid, and the resulting precipitate was 
washed four times with 4 ml. portions of cold 3.5 per cent perchloric acid and ex- 
tracted 5 times with 3 ml. portions of absolute methanol. The extract contained 
4,93 ym of C4 and 1.44 um of P®; less than 1 per cent of the counts remained in the 
residue. The methanolic extract was reduced to near dryness at room temperature 
under a stream of helium and the remaining solids were extracted five times with 4 
ml. portions of isooctane. The isooctane solution (20 ml.) contained 93 per cent of 
the C4 and 98 per cent of the P*2, In Experiment II the conditions were the same, 
except that the specific activities of the a-GP*, ATP*, and C'4-palmitate were (in 
counts per minute per micromole) 5.3 X 105, 3.3 X 105, and 2.9 X 105, respectively. 
Also the incubation was limited to 1 hour. The methanolic extract of the water- 
insoluble residue contained 5.23 um of C™ and 1.93 um of P*; extraction into isooc- 
tane (19 ml.) was quantitative. The values are expressed in micromoles. 





Experiment No. | —A ATP | +A PP | 4A AS!-P | +A lipide Ps 
As anaes mare ak NETS 3 at OS S ee 
I 5.22 | 5.10 | 6.3 2.46 








II | 6.02 5.17 | 3.30 
counts in the water-insoluble, methanol-soluble fraction, was approximately 
1 mole per 2 moles of ATP utilized. By the use of C-labeled palmitic 
acid in the reaction and by chromatography of the products on Dowex 1 
resin, it was observed that essentially all of the fat-soluble P*? was recovered 
ina fraction which contained 2 moles of fatty acid per mole of phosphate 
(Fig. 1). The product was provisionally identified as dipalmitylphospha- 
tidie acid, in which the total amount of esterified fatty acid was nearly 
equivalent to the ATP consumed. 

On the basis of trial experiments in which unlabeled fatty acid was used 
in the reaction and labeled fatty acid was added in trace amounts, just 
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prior to chromatography, it was determined that free fatty acid is com- 
pletely recovered in the washing with ethanol and elution with 5 X 10 
HCl (in ethanol). The phosphatidic acid emerged upon prolonged elution 
with the latter solvent (Fig. 1, Experiment Ia), but the yield of P® was 
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Fig. 1. Chromatography of products of esterification of a-GP%? by C'4-palmitate. 
The incubation mixtures are described in Table I. In Experiments Ia and Ib, 2.0 
ml. of the isooctane solution from Experiment I were reduced to 0.5 ml. under a 
stream of helium, treated with 0.5 ml. of pyridine and 1.0 ml. of ethanol (95 per cent), 
and applied to Dowex columns (see ‘‘Methods’’) 5 em. X 1 sq. cm. The columns 
were washed with 10 ml. of 95: per cent ethanol (Fraction 0) and eluted with HCl (in 
95 per cent ethanol) as indicated. The volume of each fraction was approximately 
4.0 ml.; the flow rate was about 0.1 ml. per minute. In Experiment II, 18 ml. of the 
isooctane solution were reduced to 3 ml., treated with 3 ml. of pyridine and 6 ml. of 
95 per cent ethanol, and applied to a Dowex column, 8 em. X 4.2 sq.em. The column 
was washed with 40 ml. of 95 per cent ethanol (Fraction 0) and eluted with HCl (in 
95 per cent ethanol) as indicated. The volume of each fraction was 25 ml. from 
Fractions 1 to 4 and 5 ml. from Fractions 5 to 16; the flow rate was 0.3 to 0.4 ml. per 
minute. 


only 71 per cent. The yield was improved (82 to 87 per cent) and the 
elution was more prompt with a more acidic solvent (Fig. 1, Experiments 
Ib, IT). The molar ratio of C:P* in these fractions ranged from 1.8 to 
2.2, except in the later fractions in which the ratios decreased to 1 or less. 
These low ratios may be the result of hydrolysis of the rather acid-labile 
ester linkages of the diacylphosphatidic acid to produce monoacylphos- 
phatidic acid and traces of freea-GP. It is pertinent that in preliminary 
studies, when fewer precautions against acid hydrolysis of the product were 
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observed, up to 38 per cent of the P® appeared in a discrete fraction in 
which the molar C“:P® ratio was approximately 1.0. 

Purification of Dipalmitylphosphatidic Acid—Chromatographic separa- 
tion of the phosphorus-containing lipide as a fraction containing 2 moles of 
fatty acid per mole of P® (Fig. 1) provided an indication as to the nature 
of the compound, but failed to yield a pure product. The concentration of 
ester linkages, determined by the alkaline hydroxylamine reaction, was in 
excess of the amount permitted by the fatty acid concentration.* Attempts 
to achieve purification of the product in quantitative yield by the use of 
counter-current distribution or chromatography on silica gel, cellulose, or 
alumina were unsuccessful. It was observed, however, that prior precipi- 
tation of the sodium salt of the product from alcoholic solution at low 
temperature or with the aid of small additions of ether, followed by resin 
chromatography, effected a complete separation from free fatty acids and 
extraneous esters. A sample preparation is described in Table II. The 
molar ratio of C4: P® of the product was close to 2.0, and the ester content 
was approximately equivalent to the C“ content. In addition, an estima- | 
tion of the organic phosphate content of the pooled fractions (Nos. 8, 9, 
and 10) yielded a C":P ratio of 2.01. Determinations of choline, ethanol- 
amine, and serine on each of the fractions, previously hydrolyzed with 1 N 
HCl for 20 minutes at 100°, indicated no detectable amounts (<0.05 um 
per fraction) of these substances.’ Periodate titration of the hydrolyzed 
samples indicated a consumption of 0.86 mole of periodate per mole of 
phosphate. 

Influence of CoA and ATP Concentrations on Rate of Esterification of 
a-Glycerophosphate by Palmitate—In the absence of CoA little or no reaction 
was detectable and a level of about 8 X 10-5 Mm was required to achieve 
optimal rates (Fig. 2). An absolute requirement was likewise observed 
for ATP, but even the lowest concentrations tested supported optimal rates 
(Table III). At the lowest level of ATP, 67 per cent of the latter was 
consumed in the reaction, assuming formation of the diacylphosphatidic 
acid. 

Influence of Concentration and Nature of Fatty Acid on Rate of Esterifica- 
tion of a-Glycerophosphate—The rates of reactions observed with different 
concentrations of palmitate are given in Table IV. Interpretation of these 
data is complicated not only by the extensive utilization of the fatty acid 


‘ These ester contaminants were probably derived from the enzyme preparation, 
30 mg. of which contained 7.2 um of hydroxamic-acid forming substances. 

5 The presence of small and variable amounts of nitrogen compounds in these 
fractions (determined by nesslerization of micro-Kjeldahl digestion mixtures) has 
been noted. It is considered probable that the Dowex resin is the source of this 
contamination, since simple washing of this resin with the eluting solution (2.5 X 
10- n HCl in ethanol) yielded comparable amounts of NH after digestion. 
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during the course of the reaction, but also by the lack of information as to 
the true concentration of this relatively insoluble substrate. Attempts to 
achieve complete esterification of the fatty acid were not successful; pro- 
longed incubation (for 60 or 90 minutes at 4 X 10~ M palmitate) led to 
only 65 per cent utilization, assuming formation of the diacylphosphatidic 


TaBLe II 
Purification of Dipalmitylphosphatidic Acid 

The perchloric acid-washed, water-insoluble residue of an incubation mixture 
(as in Table I, except at twice the scale) was extracted twice with 8 ml. portions of 
an ethanol-ether (3:1) mixture. The extract, containing 15.5 um of C™ and 5.5 um 
of P22, was treated with 0.4 ml. of 0.5 nN ethanolic NaOH to give about pH 7 (by in- 
dicator measurement). The flocculent precipitate was collected by centrifugation 
and washed once with 4 ml. of ethanol-ether mixture. The combined supernatant 
solution and washings, containing 4.6 um of C™ and 0.3 wm of P*2, was discarded. 
The precipitate was extracted six times with 3 ml. portions of isooctane acidified 
with a few crystals of trichloroacetic acid. 12 ml. of the 18 ml. of combined ex- 
tracts were promptly treated with 0.1 ml. of pyridine, reduced in volume to 5 ml. 
under a stream of helium, treated with 0.9 ml. more of pyridine, brought to a volume 
of 15 ml. with 95 per cent ethanol, and stored at —10°. The solution, containing 
5.82 um of C14 and 2.85 uM of P*, was chromatographed on Dowex 1 resin essentially 
as in Fig. 1, Experiment II. No free fatty acid appeared in the wash or first eluent 
fractions. Detailed data for Fractions 8 to 10, which contained 70 per cent of the 
counts, are given below. 


Eluent fraction No. 


| 8 ; | : 9 ; 10 
yc RCSLT RRR el eC | 0.68 | 0.78 | 0.60 
ete Bp di eile da an ana ane alia , a fe |. ae 
CR RRR Se a lel a a | 1.15 | 1.39 ei 
UL ERS en a ae ee oe (eae. > eae 
Rod PBBNOE COUR sie ra5is. 5 cach wk oaaerd coos 08 | 0.95 | 0.80 0.98 


* These values were obtained by radioactive measurement and are based on the 
assumption that the initial specific activities did not change during the experiment. 
¢ Determined by alkaline hydroxylamine reaction. 





acid. A suggestion of an inhibitory effect with high palmitate concentra- 
tions was noted. 

Under the usual test conditions, marked differences were observed in the 
effectiveness of different fatty acids as substrates for the esterification of 
a-GP (Table V). Most notable was the relative inactivity of the Cy, Cx, 
and Cy, acids which are known (4) to be among the acids most readily 
converted to acyl CoA derivatives. These results may be due to (1) a 
relative inability of the acyl CoA derivatives of the shorter chain fatty 
acids to esterify a-GP, (2) the formation of acid-soluble phosphatidic acids 
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Fia. 2, A. Influence of CoA concentration on rate of esterification of a-GP*? by 
palmitate. The incubation mixture contained 0.10 ml. of ATP (0.042 m), 0.10 ml. 
of a-GP*? (0.025 m, 1.1 X 105 c¢.p.m.), CoA (61 per cent pure) to achieve the indicated 
concentrations, 0.10 ml. of palmitate (0.02 m), 0.02 ml. of MgCl» (0.3 m), 0.05 ml. of 
cysteine (0.2 Mm), 0.10 ml. of NaF (0.5 m), 0.10 ml. of potassium phosphate buffer (0.5 
M, pH 7.0), 0.20 ml. of lyophilized residue fraction (80 mg. per ml.), and water to a 
final volume of 1.2 ml. After incubation for 30 minutes at 23°, the mixture was 
treated as described under ‘‘Methods.’? The rate is expressed as micromoles of 
a-GP® esterified in 30 minutes. 

Fig. 2, B. Influence of a-GP concentration on rate of esterification. The in- 
cubation mixture contained 0.20 ml. of palmityl CoA (0.001 m), 0.05 ml. of MgCl; 
(0.1 mM), 0.20 ml. of lyophilized residue fraction (30 mg. per ml.), 0.10 ml. of potassium 
phosphate (0.5 mM, pH 7.0), a-GP* (1.6 X 105 c.p.m. per uM) in the concentrations in- 
dicated, and water to a final volume of 1.0 ml. After incubation for 30 minutes at 
23°, the mixture was treated as described under ‘‘Methods.”’ The rate is expressed 
as micromoles of a-GP#? esterified in 30 minutes. 


TaBLe III 
Influence of ATP Concentration on Rate of Esterification of a-GP® 


Conditions as described in Fig. 2, A at a CoA concentration of 4 X 10-5 m and the 
ATP concentrations indicated. 
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TaBLe IV 
Influence of Palmitate Concentration on Rate of Esterification of a-GP 


Conditions as described in Fig. 2, A at a CoA concentration of 4 X 10-5 m and 
the fatty acid concentrations indicated. 











Palmitate,  X 104......... | oy | 8.4 | 4.2 | 2.5 1 | 0.4 0.0 
eres ee | -| : a aa i are 
a-GP® esterification, | | | | | 
15’ SERGG ON ae, Be Te 0.202 |. * .225 | 0.150 | 0.086 | 0.058 | 0.030 | 0.016 
Palmitate consumed,*, | | | | 
% of total..........| 18 42 |54 | 47 42 [29 
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which are not measured by our technique, or (3) a relatively rapid enzy- 
matic hydrolysis of the esters of these fatty acids. In support of the first 
supposition, it was observed that a-GP (2 X 10-* m) prevented any ac- 
cumulation of palmityl CoA by enzymatic synthesis from palmitate, CoA, 
and ATP, but reduced by only 10 per cent the accumulation of lauryl CoA 
from laurate, CoA, and ATP. The observation that linoleic acid was less 
effective than the mono- or trienoic acids may be partially due to inhibitory 
effects, since the rate at half the concentration cited (5 X 10-* m) was 40 
per cent higher. 

Influence of Concentration and Specificity of a-GP in Esterification—The 
affinity of a-GP for the enzyme appears to be fairly strong, as is indicated 


TABLE V 
Influence of Nature of Fatty Acid on Rate of Esterification of a-GP 
Conditions as in Fig. 2, A at a CoA concentration of 8 X 10-5 m and a fatty acid 
concentration of 1 X 10-?m. The esterification of 0.202 um of a-GP* obtained with 


margaric acid is assigned a value of 100 for ease of comparison with results obtained 
with the other fatty acids. 





| 








Fatty acid | Activity | Fatty acid | Activity 
pend Se BN Sot ee ee ee eee 
Saturated | Saturated | 
Laurie (C;2) 2 | Nonadecanoic (Cis) | 27 
Tridecanoic (C;3) | 8 Arachidic (C2) 22 
Myristic (Cy) 12 | Docosanoie (C22) | 24 
Pentadecanoic (Cs) 34 | Unsaturated | 
Palmitic (Cis) | 67 | Oleic (Cis) | 66 
Margaric (C17) 100 | Linoleic (Cis) | 6 
Stearic (Cis) | 84 | Linolenic (Cis) | 63 
| | Chaulmoogrie (Cis) | 24 





by the attainment of an optimal rate at a concentration of 1 X 10m 
(Fig. 2, B). At the latter level, 47 per cent of the a-GP was consumed; at 
the three lower levels tested, 57 to 60 per cent of the a-GP was utilized in 
the reaction. 

In order to determine whether closely related compounds, such as glycerol 
and 6-glycerophosphate, were reactive in this system, a test was used in 
which the ability of the enzyme system to utilize palmityl CoA in the pres- 
ence of these compounds was measured. With a-GP present (2.5 xX 10° 
M), the accumulation of palmityl CoA (0.35 uM in the control) from palmi- 
tate, CoA, and a limiting amount of ATP was completely prevented. 
Under identical conditions, glycerol (8 X 10-* m) caused no decrease ‘in 
the control value. While 8-glycerophosphate (2.5 & 10-* m) produced a 
decrease of 0.07 um from the control level, this result may be due to a-GP 
which was known to contaminate this preparation. 
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Some Properties of Enzyme Preparation and Other Factors Influencing 
Reaction—In the presence of non-limiting amounts of substrates, the rate 
of a-GP® esterification was linear for 60 minutes, but then began to fall 
off rather sharply. The basis for this effect has not been determined, but 
it may be the result of enzyme inactivation, since a 94 per cent loss of 
activity was observed after 30 minutes exposure of the enzyme preparation 
to a temperature of 40°. Proportionality of rate to enzyme concentration 
was observed within certain limits. Under the usual test conditions (Fig. 


TaBLe VI 
Esterification of a-GP®? by Palmityl CoA of Enzymatic or Chemical Origin 

In Experiment I the incubation mixtures contained 0.05 ml. of a-GP* (0.038 m, 
4 X 10° ¢.p.m.), 0.40 ml. of lyophilized residue fraction (30 mg. per ml.), 0.10 ml. of 
potassium phosphate buffer (0.5 M, pH 7.0), 0.05 ml. of MgCl, (0.1 m), the indicated 
amounts of enzymatically prepared palmityl CoA, and water to a volume of 1.0 ml. 
After incubation for 20 minutes at 23°, the mixture was treated as described under 
‘“Methods.’”’ In Experiment II the conditions were the same as in Experiment I, ex- 
cept that the palmityl CoA was chemically synthesized as described under ‘‘Meth- 
ods.”? The incubation time was 15 minutes. 





Experiment I. Palmityl CoA of enzymatic origin Experiment II. Palmityl CoA of chemical origin 
Palmityl CoA a-GP®? esterified Palmityl CoA a-GP2? esterified 
a te ial l-csrca war oe) 
0.095 0.029 | 0.10 | 0.024 
0.19 0.061 | 0.20 | 0.055 
0.38* 0.111 | 0.40T 0.106 
0.38f | 0.009 | 


0.40 | 0.000 





* With half as much enzyme in the incubation mixture, 0.110 um of a-GP* was 
esterified. 


+ After 30 and 45 minutes incubation, the respective amounts of a-GP*® esterified 
were 0.106 and 0.113 um. 


t The palmityl CoA sample was incubated with 0.12 ml. of NH2OH (2 m, pH 7.0) 
for 15 minutes at 40° prior to use in the test. 


2, A, CoA = 4 X 10-5 M), the respective rates with 15, 6, 3, 1.5, and 0.75 
mg. of enzyme were 100, 103, 94, 67, and 50 per cent of the expected values 
(setting the rate with 15 mg. at 100). 

Fluoride (0.05 m) produced no inhibition. Hydroxylamine had no in- 
hibitory action at a level of 0.2 m and inhibited by only 25 per cent at 
0.4m. These results suggest that the a-GP® esterifying system reacts with 
very low concentrations of acyl CoA more rapidly than does hydroxylamine. 
Cysteine was essential, but a definite requirement for Mg++ was not de- 
monstrable. The reaction rate was not markedly influenced by pH. With 
the value at pH 7.0 set at 100, the respective values at pH 6.5, 7.5, and 8.0 
were 95, 125, and 131. 
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Esterification of a-GP® by Palmityl CoA—Palmityl CoA, either enzy- 
matically or chemically synthesized, provided an adequate substrate for 
the rapid esterification of a-GP*® in the absence of ATP, CoA, fatty acid, 
and cysteine (Table VI). Utilization of the palmityl CoA of enzymatic 
origin for a-GP*® esterification was approximately 60 per cent when calcu- 
lated on the basis of formation of the diacyl ester. This value was not 
significantly raised by increasing the enzyme concentration or time of 
incubation. The failure to obtain quantitative utilization was largely the 
result. of enzymatic hydrolysis of the acyl CoA, as previously noted (4). 
With regard to the palmityl CoA of chemical origin, no other quantitative 
estimations of acyl CoA concentration had been made and the amount of 
CoA used in the synthesis (1.99 um) provided the only quantitative stand- 
ard of reference (see ““Methods”). Assuming full utilization of the acy] 
CoA in the formation of the diacylphosphatidic acid, the yield of palmity] 
CoA referred to CoA was approximately 80 per cent. Similar results were 
obtained in two other preparations. These yields appear to be rather 
high and may be due in part to the formation of monoacylphosphatidic 
acid. Low yields (0 to 60 per cent) in earlier preparations were ascribed 
to the presence of substances which inhibited the esterification of a-GP. 


DISCUSSION 


The natural occurrence in plants of the calcium salt of a diacylglycero- 
phosphate was first reported by Chibnall and Channon (9), and the product 
was named phosphatidic acid. However, more recent work of Hanahan 
and Chaikoff (10) has indicated that the phosphatidic acid probably re- 
sulted from the enzymatic hydrolysis of lecithin. These workers confirmed 
the isolation of phosphatidic acid from cabbage (and carrots), but also 
showed that heat destruction of a lecithinase in these plants permitted the 
isolation of intact lecithin rather than phosphatidic acid. The contention 
that the lecithinase action took place during prolonged fat solvent extrac- 
tion of the plant tissues is supported by Hanahan’s demonstration (11) of 
the action of pancreatic lecithinase in ether solution. Our studies on the 
enzymatic formation of a phosphatidic acid provide a basis for considering 
this class of compounds as intermediates in synthetic reactions as well as 
in degradative processes. Whether the phosphatidic acids are indeed the 
precursors of the nitrogen-containing phosphatides or of other lipide sub- 
stances remains to be determined. 

That monoacylphosphatidic acids are intermediates in the synthesis of 
the diacyl acids is, of course, extremely likely, but no convincing evidence 
for this sequence of reactions has as yet been obtained. In view of the 
acid lability of these phosphatides, it appears probable that evidence for 
the appearance of monoacylphosphatidic acids observed in earlier work (2) 
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was the result of decomposition of the diacyl compound rather than of ac- 
cumulation of a monoacyl intermediate. 

The observation that palmityl CoA, obtained by chemical synthesis, 
was an effective substitute for ATP, CoA, and fatty acid in the esterifica- 
tion of a-GP represented the first direct proof that the acyl CoA derivatives 
can be regarded as intermediates in the formation of phosphatidic acid. 
For the routine preparation of palmityl CoA, however, the enzymatic 
method was preferred, since it provided an efficient means of utiliing a 


labeled fatty acid, was less likely to introduce inhibitors, and was far 
simpler to carry out. 


SUMMARY 


1. Esterification of L-a-glycerophosphate (a-GP) by 2 moles of a higher 
fatty acid, with a concomitant conversion of 2 moles of ATP to inorganic 
pyrophosphate and adenosine-5’-phosphate, was observed in the presence 
of a liver enzyme preparation and catalytic quantities of coenzyme A. 

2. Palmityl CoA, synthesized chemically or enzymatically, was utilized 
for a rapid enzymatic esterification of a-GP in the absence of ATP, CoA, 
or fatty acid. 

3. The esterified product was purified by precipitation of the sodium 
salt from alcohol and subsequent chromatography on a Dowex anion ex- 
change resin. The product, which contained two fatty acids and two ester 
bonds per mole of phosphate, is considered to be a diacyl(palmityl)phos- 
phatidic acid. 

4. Straight chain fatty acids with 16, 17, or 18 carbon atoms were far 


more effective than shorter or longer chain acids in the esterification of 
a-GP. 
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THE CRYSTALLIZATION AND PROPERTIES OF 
SERUM BILIRUBIN* 
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and the Harriet Lane Home of the Johns Hopkins Hospital, Baltimore, Maryland) 


(Received for publication, March 2, 1953) 


It is generally accepted that in serum two types of bilirubin may exist, 
the so called direct and indirect. The differentiation is based upon the 
van den Bergh (1) reaction which is essentially a coupling reaction be- 
tween the pigments and freshly diazotized sulfanilic acid. The indirect 
bilirubin is the normally occurring pigment and does not couple readily 
with the diazo reagent except upon the addition of alcohol to the reactants. 
The direct, on the other hand, couples with the reagent rapidly and com- 
pletely within 30 minutes and produces the same color without the addi- 
tion of alcohol. This latter appears in serum only when the bile duct sys- 
tem is blocked and the pigment is thereby reintroduced into the blood 
stream. The importance of these two types of pigments lies in the fact 
that they indicate different types of pathology and therefore assume diag- 
nostic significance in clinical medicine. The results of the chemical and 
clinical studies on these pigments are still controversial and have been 
adequately reviewed recently by Lemberg and Legge (2). The difficulty 
was largely due to the fact that it was not possible to obtain native pure 
bilirubin from serum for comparative study with that available from bile. 
We have recently succeeded in obtaining indirect serum bilirubin in crys- 
talline form (3) with relative ease and in yields as high as 85 per cent of 
that present originally in serum. 

The purpose of this report is to describe in detail the method of crystalli- 
zation and the properties of the direct and indirect pigments. <A brief 
report on this work was presented earlier (3). 


EXPERIMENTAL 
Method of Crystallization of Indirect Serum Bilirubin 
Samples of icteric serum were obtained from patients with hemolytic 
jaundice, sickle-cell anemia, hematoma fluid, jaundice of the new-born, 


kernicterus, and congenital familial non-hemolytic jaundice with kernic- 
terus (4). All these diseases yield indirect bilirubin. 5 ml. of serum were 


* This investigation was supported by a research grant (PHS, G-3289) from the 
Division of Research Grants and Fellowships of the National Institutes of Health, 
United States Public Health Service. 
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brought to about pH 5.0 with 0.3 m acetate buffer, pH 5. This was ex- 
tracted in a separatory funnel with 40 volumes of peroxide-free ether by 
shaking vigorously for 5 to 10 minutes. The extraction procedure was 
repeated two or more times when necessary for complete transfer of the 
pigment into the ether phase. In this procedure about 2 per cent of the 
direct pigment is extracted (3). The ether was then washed four times by 
shaking with an equal volume of distilled water. Hemoglobin does not 
contribute to the extractable material. One can therefore extract bilirubin 
directly from whole blood. The ether extracts were pooled in a large sep- 
aratory funnel and shaken with 5 ml. of 0.01 to 0.02 m sodium pyrophos- 
phate. When the pigment was not completely transferred into the aqueous 
phase, successive amounts of 0.1 m sodium hydroxide were introduced 
dropwise into the funnel and the contents shaken after each addition, until 
a complete transfer of the pigment was obtained. The aqueous extract 
was then placed in a test-tube and 0.2 m phosphate buffer, pH 7.0, added 
dropwise with stirring until the pH reached 7.6 to 7.8, at which time 
crystals began to form. The early formation of these microcrystals could 
be detected by the greenish fluorescent-like Tyndall effect that was pro- 
duced when the sample was exposed to white light. This phenomenon was 
usually observed between pH 7.6 to 8.0, depending on the concentration of 
bilirubin in the solution, and can be used as an end-point for the addition 
of the phosphate buffer. The sample was then allowed to stand for an 
hour at room temperature. The dropwise addition of the phosphate buffer 
was resumed until the pH was gradually brought down to 7.0 to 7.2. The 
sample was then left in the ice box for 4 to 6 hours, after which it was kept 
in the freezing compartment overnight for complete crystallization. 

In the early stages crystals always appeared as needles, mostly arranged 
together in bundles (Fig. 1, a). As the process continued, plates with well 
defined edges were formed. These increased in number, while the needle- 
shaped crystals slowly disappeared until nothing but plates (Fig. 1, 6) 
remained. It is necessary to stress that the two seemingly different forms 
of crystals may both be plates at different stages of formation but do not 
represent two different kinds of pigment. The yellow crystals were spun 
down and washed with cold distilled water in which they are insoluble. 
Recrystallization was accomplished by redissolving the crystals in 0.01 m 
sodium pyrophosphate with alkali addition, if necessary, as before. Again 
the pH was brought down to 7.4 gradually by dropwise addition of 0.1 m 
phosphate buffer, pH 7.0, and the procedure continued as before. Al- 
though the first crystallization is almost always successful, recrystallization 
is more difficult. It is more likely to succeed if the pH is brought down 
very gradually and the temperature lowered slowly. 

The washed second crystals were then dissolved in chloroform. This 
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was shaken a few times with an equal volume of water to wash off the con- 
taminating salts. The chloroform was then evaporated in vacuo at 4-10° 
outside temperature. The pigment so prepared was compared with com- 
mercially available bilirubin crystallized from chloroform. In both prep- 
arations the following identical characteristics were obtained: (1) Absorp- 
tion curves in chloroform (Fig. 2) showed a maximum at 450 my with a 
molar extinction! of 5.63 X 10*. In 0.05 mM pyrophosphate the maximum 
was found, in fresh preparations, to be at 440 my with an extinction! of 
4.2 X 10. In concentrations of 4 to 25 y per ml. this solution obeyed 


: vy Y 

(he ee 
6.4% war 
I & An , 
ze 


f 


v 





; 2: We 
t2 


Fig. 1. (a) (X 645) shows two types of bilirubin crystals formed during the first 
4 hours of crystallization in 0.01 M pyrophosphate, pH 7.2. (b) (X 1020) shows that 
only plates are present in the same sample after 12 hours. 


Beer’s law. When bilirubin in 0.05 m pyrophosphate was fully combined 
with serum albumin by the addition of equimolar amounts of the crystalline 
protein, the maximum was found at 460 my and the extinction! at this 
maximum was 4.33 X 104, indicating a shift in the maximum with little 
interference in the over-all absorption. (2) The absorption curves of the 
diazonium complex (5) gave a maximum at 548 mu. (3) The pigments 
were slowly oxidized in 0.1 N NaOH (6). This oxidation was markedly 
enhanced by the bivalent cations Fet+, Cut+, Cot+, Mnt, and Ca*. 
The pigments did not melt at temperatures up to 250° but charring was 
observed around 195-200°. 


! The absorption of a molar solution in a 1 em. light path in the Beckman spectro- 
photometer model DU. 
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It thus appears that there is no difference in the chemical and physical 
behavior of the so called indirect bilirubin isolated from indirect reacting 
serum and that commercially available from bile. 

Properties of Bile Pigments 

The combination of bilirubin with serum protein was studied spectro- 

photometrically with the Beckman model DU. As stated above, bilirubin 


in 0.01 mM pyrophosphate buffer, pH 8.4, has an absorption maximum at 
440 mp. When fully combined with protein, the maximum shifts to 460 
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Fic. 2. Absorption spectrum of crystalline indirect bilirubin from serum (O) 
and crystalline commercial bilirubin from bile (@). ¢ = absorption of a molar 
solution in a 1 em. light path. 


mz. By adding increasing amounts of protein to bilirubin dissolved in 
pyrophosphate buffer, pH 8.4, and following the shift of the maximum un- 
til it reached 460 mu, we were able to show that under these conditions 2 
moles of pigment combine with each mole of crystalline human serum 
albumin, 3 y with 1 mg. of Cohn fraction (No. IV-4) containing a- and 
3-globulin mainly, and no combination took place with y-globulin.2 These 
results are similar to those obtained earlier by Martin (7). There was 
also no qualitative or quantitative difference here between the pigment 
isolated from serum and that available commercially from bile. Further- 
more, we have obtained human bile from duodenal juice and subjected it 


2 Crystalline serum albumin, y-globulin, obtained from E. R. Squibb and Sons; 
Cohn fraction (No. IV-4) obtained through the courtesy of Dr. M. Mayer. 
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to the same extraction and crystallization procedure. The crystals were 
identical with those obtained from serum although they did not form as 
readily. There was also no difference observed in the chemical and phys- 
ical properties described above. 

It is thus evident that essentially the same type of pigment is present in 
both serum and bile and in either case the van den Bergh reaction is in- 
direct, necessitating the addition of alcohol before coupling can occur when 
the reaction takes place below pH 3.0. There is little doubt, nevertheless, 
that in obstructive jaundice, in which bile is reintroduced into the blood 
stream, the serum shows a direct reaction. This is distinctly different from 
the pigment that merely accumulates in serum from excessive hemolysis or 
from an inability of the liver to excrete it into the bile (4). One can safely 
assume, therefore, that in bile the molecular species of the pigment is 
different from that observed elsewhere and that it is altered by the process 
of isolation such as we have used or is employed commercially. 

Further studies on these two types of pigments were carried out in the 
native state. The sera used were from two cases of congenital obstructive 
jaundice having the direct pigment and from four cases of congenital fami- 
lial jaundice with kernicterus containing the indirect (4). In order to 
study the attachment of the pigments to serum proteins, fractionation of 
the two types of sera with ammonium sulfate was instituted. For that 
purpose virtually hemoglobin-free serum was used. The procedure con- 
sisted essentially of using the appropriate dilution of serum and adding a 
sufficient amount of saturated ammonium sulfate to obtain the desired 
concentration of the salt and a final dilution of serum of 1:25. In practice 
0.4 ml. of serum was pipetted into celluloid centrifuge tubes. The calcu- 
lated amount of water necessary was then added, followed by the am- 
monium sulfate solution saturated at room temperature. The addition of 
the salt was done dropwise while stirring so that adequate mixing could 
take place. The final volume in all tubes was 10 ml. The samples were 
then placed in the cold room at 4° for 1 hour for equilibration, then centri- 
fuged at that temperature at high speed until the supernatant solution was 
completely clear. 

Either the precipitate or the supernatant solution was used for bilirubin 
measurement. The former was dissolved in water to an appropriate vol- 
ume, cleared by centrifugation, and measured either by the van den Bergh 
reaction as described by Malloy and Evelyn (5) or spectrophotometrically 
at 460 my in the Beckman. The supernatant solution when used was also 


measured spectrophotometrically. With appropriate standardization the 


amount of bilirubin precipitated could be calculated in each instance. 
As is shown in Fig. 3, the fractionation pattern differed markedly with 
the two types of pigment. The patterns shown by the bilirubin from all 
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the four sera containing the indirect pigment were similar and followed the 
distribution shown for globulin rather closely (8). On the other hand, the 
patterns shown by the bilirubin from the two sera of obstructive jaundice 
followed that of albumin (8). This was further confirmed by the use of 
brom phenol blue. It was shown (9) that the dye combined only with the 
albumin fraction of serum when added in appropriate amounts enough to 
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Fria. 3. Ammonium sulfate fractionation pattern of serum with indirect bilirubin 
(from a patient with congenital familial jaundice with kernicterus) (A) and the 
fractionation pattern of serum with direct bilirubin (from a patient with congenital 
atresia of the bile ducts) (@) to which brom phenol blue was added (O) in 0.06 mg. 
per ml. of serum. The precipitate from each fraction was dissolved in water, and 
bilirubin was measured at 460 my and brom phenol blue at 605 my in the Beckman 
spectrophotometer model DU. 


stain serum blue. We found that the dye in serum has a sharp absorption 
maximum at 605 my, at which wave-length bilirubin shows practically no 
measurable absorption. Furthermore, at 460 my the absorption by the 
dye is insignificant. This made it possible to measure quantitatively both 
bilirubin and brom phenol blue in the same sample of serum without resort 
to corrections. Brom phenol blue was added in amounts of 0.04 to 0.08 
mg. per ml. of serum and ammonium sulfate fractionation carried out in 
the usual manner. Fig. 3 shows that the pattern exhibited by the dye was 
similar to that of the bilirubin in the direct serum and different from that 
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of the bilirubin in the indirect serum. The distribution maximum of the 
bilirubin in fresh direct serum fell to about 0.54 to 0.58 saturation and 
that of the indirect to about 0.44 to 0.48. 

When direct serum was diluted with distilled water 1:5 and incubated 
under toluene for 4 to 16 hours at 37°, some of the pigment became indirect 
and, upon fractionation with ammonium sulfate, there was found a definite 
shift in the fractionation pattern towards the lower salt concentrations. 
Furthermore, that portion that had become indirect could be extracted 
with ether at pH 5.0 and crystallized as described earlier. Aging of direct 
sera in the ice box for a few weeks also showed a similar shift to the indirect. 
It appears, then, that by such means one can effect a change from direct 
to indirect. For this reason we have found it necessary to keep direct sera 
at 4° as soon as possible after the blood is drawn and perform our studies 
on the same day. 

In an earlier report (10) the possibility was suggested that direct bilirubin 
is a metal complex of the pigment stabilized by attachment to serum al- 
bumin. This was based on indirect evidence. We have attempted to 
study this aspect by direct observation of a possible metal complex forma- 
tion with bilirubin which might show a shift in the titration curve and ab- 
sorption spectrum. In the former, the fact that bilirubin was insoluble in 
water below pH 8.0 made the result difficult to interpret. We have not 
been able to find a good solvent for the pigment that is water-miscible and 
therefore suitable for titration. In either method there is the added com- 
plication that bilirubin at high pH is oxidized to biliverdin. This we found 
to be particularly rapid in the presence of bivalent cations such as Cot, 
Fet*, Cut*, Ca**, and Mn**, The formation of biliverdin would in itself 
show an alteration of the absorption spectrum, thereby nullifying any ef- 
fect the metal may have on the spectrum of bilirubin. 

The fact that heavy metal ions catalyze the oxidation of the pigment is 
presumptive evidence of complex formation during the process. On that 
basis the existence of a metal complex in the direct pigment may well be 
responsible for the strikingly rapid oxidation of that pigment to biliverdin 
(2) as compared to the indirect. Furthermore, when thoroughly dialyzed 
icteric serum is precipitated with trichloroacetic acid, the pigment from 
direct serum is quickly oxidized and imparts a deep green color to the pre- 
cipitate, whereas that from indirect serum remains yellow and stable under 
these conditions. The oxidation of the direct pigment in alkali and that 
in trichloroacetic acid are counteracted by ethylenediaminetetraacetic acid 
(Versene) and 8-hydroxyquinoline, both metal-binding agents. These ob- 
servations lend further support to the suggestion that the direct pigment is 
a metal complex combined with albumin. 
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SUMMARY 


1. A method for the crystallization of indirect bilirubin from serum is 
described. 

2. With ammonium sulfate fractionation of serum the direct pigment is 
precipitated with the albumin fraction and the indirect with the globulin 
fraction. 

3. There is strong suggestive evidence that the direct bilirubin is a metal 
complex although direct and conclusive evidence is still lacking. 
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SASSENRATH, anv DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, March 9, 1953) 


The synthesis, separation, and identification of ethanolamine-1 ,2-C™ 
and the results of a study of the metabolism of the compound in the intact 
animal, particularly with respect to its rate of oxidation and conversion 
to other phosphatide bases, are reported in this paper. 

In previous experimental work with N'-labeled ethanolamine Stetten 
(1) demonstrated that the compound is readily methylated to choline and 
that a considerable fraction of the labeled nitrogen appeared in the urea 
and ammonia of the urine. Very little was found to be converted to 
glycine. Weissbach (2) administered C"H,OH—C“H:2NH; to a pigeon and 
observed that most of the C' was in carbon 4 and the C® in carbon 5 of 
the isolated uric acid. Since both carbons 4 and 5 are derived from glycine, 
it would appear that the labeled ethanolamine was mainly converted to 
glycine and did not give rise to a 1-carbon unit. This was confirmed by 
the appearance of the label in the urinary hippuric acid after feeding the 
isotopic ethanolamine to rats. These results suggest separate metabolic 
pathways for the carbon and nitrogen of ethanolamine. 

Of the different synthetic procedures investigated, only the alkaline 
dehydrohalogenation of ethylene chlorohydrin into ethylene oxide and its 
reaction with ammonia led to satisfactory yields. The reaction between 
ammonia and ethylene oxide is known to result in a mixture of mono-, di-, 
and triethanolamines (3). Their separation by distillation at the isotopic 
scale of operation is impractical. However, this was successfully achieved 
by column chromatography on the cation resin, ne). The prepa- 
ration of singly labeled ethanolamine through the reduction of phthalyl- 
glycyl chloride, phthalylglycine ethyl ester, and glycine ethyl ester by 
lithium aluminum hydride led to low yields and was abandoned.! 


* Aided by research grants from the Life Insurance Medical Research Fund and 
an institutional grant from the American Cancer Society to the Cancer Research 
Institute, University of California School of Medicine. 

{ Life Insurance Medical Research Fellow. 

1 Unpublished experiments. 
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Synthesis and Isolation 


The synthesis of ethanolamine-1 ,2-C“ from BaC"“O; (257 mg., 1.7 mc.) 
was carried through the ethylene chlorohydrin stage according to the fol- 
lowing scheme of reactions. 





B oH HOCI 
BaC“O, ———-——» C*H=C*H ————> C*H.:C*H, — CIC*H.C*H.OH 
AHOH 
KOH NH,OH 








— C*H.—C*H2 


—— 


NH.—C*H.2C*H.0H and di- and triethanolamines 


Ethylene oxide was prepared via ethylene chlorohydrin, with minor modi- 
fications, according to the method of Cox and Warne (5), in an over-all 
yield of 55 to 70 per cent from carbonate. This was found preferable to 
the procedure employed by Arnstein (6) in the preparation of choline- 
1,2-C"“, both in ease of operation and in yield. A newer method (7) of 
obtaining ethylene oxide through perbenzoic acid epoxidation of ethylene 
also reportedly leads to much lower over-all yields. 

After preparing the ethylene chlorohydrin, the synthesis was completed 
in two pressure flasks attached to a manifold and vacuum line. An aqueous 
solution (2 ml.) of the ethylene chlorohydrin in a 30 ml. pressure flask (A) 
was frozen out with liquid nitrogen, attached to the isotope line and 
evacuated. The stop-cock was turned off and the flask detached from the 
manifold. Well powdered dry potassium hydroxide (6 gm.) was introduced 
into the flask through a wide bore stop-cock. The high vacuum within 
the flask, which was kept immersed in liquid nitrogen, was sufficient to suck 
all the potassium hydroxide powder into the flask. The flask, with the 
stop-cock closed, was reattached to the line and evacuated while being 
cooled with liquid nitrogen. A similar flask (B), containing 10 ml. of con- 
centrated ammonium hydroxide,? which had been previously frozen with 
liquid nitrogen and evacuated, was now opened to the line. With both 
flasks open to the line the pumping was continued until the system reg- 
istered a pressure below 1 wp. The main stop-cock of the manifold was 
now turned off to cut out the vacuum pump; the liquid nitrogen around 
Flask A was replaced by a carbon dioxide-methanol bath (—78°) and, after 


2 In order to obtain good yields of the monoethanolamine, it was found imperative 
to use ammonium hydroxide in a 50 mole excess of the ethylene oxide. Under these 
conditions, 80 to 90 per cent of the monoamine is formed. It was found that, below 
a 20 mole excess, the di- and triethanolamines gain at the expense of the mono form. 
In fact at a 1:1 ratio the yield of triamine is around 70 per cent, while the monoamine 
is reduced to about 10 per cent. 
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5 minutes, with an ice water bath. In a short time the frozen solution 
started to melt and reacted gradually with the potassium hydroxide powder 
with the vigorous escape of ethylene oxide, which condensed and solidified 
above the frozen ammonium hydroxide at —196° in Flask B. The dis- 
tillation was continued until the pressure reached 5 uw. After the reaction 
in Flask A subsided, the flask was warmed gently (to avoid bumping) 
and a large amount of water vapor allowed to condense in Flask B. Flask 
A was then closed off from the line and, when the pressure returned to 5 u, 
the stop-cock of Flask B was turned off from the line to disconnect it from 
the manifold. At this point both flasks were detached from the line. The 
contents of Flask A, mainly glycol-1,2-C™, were worked up to recover the 
residual radioactivity. Flask B, with occasional shaking, was allowed to 
come to room temperature, and then kept at 60° for 3 hours. It was 
then opened to the air and the contents washed into a beaker with 25 ml. 
of distilled water in 5 ml. portions. The beaker was left open to the air. 
The solution was transferred to a 100 ml. round bottom flask fitted with a 
long Vigreux column and condenser and the contents distilled until about 
15 ml. were collected, which was sufficient to carry over almost all the 
residual ammonia with less than a 5 per cent loss of radioactivity. 

The Permutit adsorption method utilized by others (8) for the quanti- 
tative recovery of ethanolamine was not successful because of the inter- 
ference of ammonia. 

The solution remaining after distillation was acidified with a slight ex- 
cess of 1.5 N HCl and evaporated to dryness in a water bath under vacuum 
pressure, giving a solid residue which contained the hydrochloride salts of 
the ethanolamines.*? The residue of the hot run weighed 53 mg. 

Separation and Analytical Procedure—The mixture of ethanolamines (53 
mg.) was resolved chromatographically on a 2.4 X 100 cm. column of 
Dowex 50 cation exchange resin in 1.5 N HCl. 20 ul. aliquots of 5 ml. 
fractions of the column eluate were dried in polyethylene planchets and 
counted for activity. The results are shown in Fig. 1. Peak A contains 
triethanolamine hydrochloride, Peak B diethanolamine hydrochloride, and 
Peak C ethanolamine hydrochloride. 

These peaks were partially identified by one-dimensional paper chro- 
matography on Whatman paper No. 4 in n-butanol-acetic acid-water 
(100:21:50), as shown in Table I. Location of radioactivity was made 


3 An alternative method of isolation involved acidification of the contents of the 
beaker and concentration to dryness in vacuo. The ethanolamine hydrochlorides 
were removed from the heavy ammonium chloride contaminant by refluxing with 
three separate portions of 30 ml. of isopropyl alcohol. The hot isopropyl alcohol 
was filtered through a sintered glass funnel, pooled, and distilled in vacuo to give a 
solid residue of ethanolamine hydrochlorides, contaminated with traces of ammonium 
chloride. 
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with a scanning gas flow counter‘ which allowed delineation of radioactive 
areas and calculation of Rr values. Subsequent spraying with 2 per cent 
ninhydrin solution and developing with heat showed that all the radio- 
activity and ninhydrin-reacting material from Peak C, i.e. the ethanol- 
amine fraction, moved to the same position on paper. In each case in 
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Fig. 1. Separation of radioactive ethanolamines on a Dowex 50 column. Peak A 
contains triethanolamine hydrochloride, Peak B diethanolamine hydrochloride, and 
Peak C ethanolamine hydrochloride. 
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TaBLeE I 
Demonstration of Purity of Radioactive Ethanolamine by Paper Chromatography 














Spot* Rr “— RF of radioactivity 
Ethanolamine standard....................... 0.46 
UNA EEE eRe ce Ak he eS on eencwhohian 0.46 0.46 
Ethanolamine + Peak C....................... 0.45 0.46 
MENSA, Se ha ian kee a hate ON Stes cee ge ek 0.485 
Diethanolamine + Peak B..................... 0.495 
CL Ane ibe tare eae ee a | 0 to about 0.6 





* The spots contained 10 y of each component. 


which the radioactive samples of Peaks B and C were mixed with a cor- 
responding standard solution (weight by volume) of ethanolamine or di- 
ethanolamine, the area of radioactivity of the developed spot was increased 
to approximately that expected for a spot containing twice as much ma- 
terial. 

The residue from the pooled fractions of Peak B gave a blue color with 


4 Constructed by Mr. G. Ellis of this Department. 
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ninhydrin under test-tube conditions, as did the purified diethanolamine 
standard. However, the color produced was only about 1 per cent of 
that produced by an equimolar amount of ethanolamine and was not strong 
enough to develop on paper under the conditions employed. 

The solution containing residue from Peak A was qualitatively charac- 
terized by the spontaneous formation of a crystalline reineckate complex 
on addition of a few drops of saturated solution of Reinecke salt. This 
reaction is given by triethanolamine, but not by ethanol- or diethanol- 
amine. Peak A apparently contains radioactive constituents other than 
triethanolamine, as shown in Table I by the spread of radioactivity from 
the origin to an R, of 0.6 in one-dimensional paper chromatography. 

The material from Peak C (ethanolamine-1 ,2-C" hydrochloride) weighed 
30.5 mg. and had a specific activity of 26.8 uc. per mg., representing a con- 
version of 47.5 per cent, starting from carbonate. The over-all yield of 
the warm run was 60 per cent, specific activity 1.42 uc. per mg. The 
fractions of the cold run were used for chemical identification and their 
picrolonates gave melting points in agreement with those in the literature. 


Metabolic Experiments 


Rate of Oxidation—To determine the rate of oxidation of the ethanolamine 
in the body, a normal male rat, of the Long-Evans strain, weighing 184 gm., 
was injected intraperitoneally with 3 ue. of labeled ethanolamine. Im- 
mediately after the injection, the animal was placed in an all-glass me- 
tabolism cage, where the respiratory CO, and urine were collected. The 
animal was allowed free access to water, but no food was given during the 
24 hour period of collection. Respiratory CO: was collected in 4 n NaOH 
and counted as the BaCO; derivative. The specific activities of the res- 
piratory CO: in counts per minute per mg. of BaCO; are plotted against 
time in Fig. 2. ; 

The cumulative excretion of the C“ activity in the respiratory CO, is 
plotted in Fig. 3 as the per cent of the injected activity. 

Urinary Excretion—Urine was collected under toluene as a preservative, 
made up to 250 ml., and a measured aliquot was plated on an aluminum 
disk by adding absolute alcohol dropwise on top of the sample in order to 
spread out a thin layer of solid material. The per cent of the total ac- 
tivity administered which was recovered in the urine at the end of the 
24 hour period was 2.84. 

Urea C" activity was determined by forming the dixanthyl derivative 
according to the method of Allen and Luck (9). The hippuric acid® was 
separated by the method of Hampton (10), and uric acid was isolated by 
the addition of carrier and acidification of the urine with concentrated HCl. 


5 Formed in the absence of administered benzoic acid. 
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The treated urine was then allowed to stand for 24 hours in the refrigerator 
prior to separation of the crystals. 
Liver Phospholipide Bases—The method employed for the isolation of 
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Fig. 3. Cumulative excretion of radioactivity of ethanolamine in respiratory CO, 


the phospholipides is a modification of the procedure of Bloom et al. (11). 
After isolation the phospholipide fraction was hydrolyzed and the nitrogen 
constituents separated as described below. Male, Long-Evans rats, weigh- 
ing about 180 gm., were injected intraperitoneally with 3 uc. each of the 
ethanolamine-1 ,2-C“ and were sacrificed 4 hours later by a blow on the 
back of the head. The liver was immediately excised, washed with ice- 
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cold saline, blotted dry, and homogenized in 20 ml. of a 3:1 ethyl alcohol- 
ethyl ether mixture. The homogenate was then transferred to heavy 
walled, 15 ml. calibrated centrifuge tubes and immersed in a water bath 
maintained at 55-65° for 10 minutes. The tubes were centrifuged for 
5 minutes at 3000 r.p.m. (1100 X g) and the supernatant solution then 
transferred to a 125 ml. Erlenmeyer vacuum flask. The preceding ex- 
traction was repeated two more times, and a fourth extraction was made 
with ethyl ether alone. The combined extracts were then evaporated to 
dryness. 

The dried residue was extracted with a 3 ml. portion of petroleum ether; 
the extract was transferred to a 15 ml. centrifuge tube and centrifuged at 
3000 r.p.m. for 5 minutes, after which the supernatant fluid was carefully 
transferred to another centrifuge tube without carrying over any of the 
sediment. A stirring rod was placed in the petroleum ether extract and 
the solution evaporated to about 0.5 ml. by placing the tube in a water 
bath at 65-70°. The whole procedure, extraction and evaporation, was 
repeated two more times. 

The phospholipides were precipitated by the addition of 7 ml. of acetone 
(at —20°) to the petroleum ether residue and the phospholipides im- 
mediately separated by centrifugation at 3000 r.p.m. The supernatant 
solution was decanted and the precipitate was washed with 5 ml. of cold 
acetone (—20°). The centrifugation was repeated and the supernatant 
fluid again decanted. 

To hydrolyze the phospholipides, the phospholipide precipitate was re- 
dissolved in petroleum ether and transferred to a Bailey-Walker digestion 
flask. The solution was evaporated to dryness, and 25 ml. of 3.6 per cent 
HCl (by volume) were added, and the mixture refluxed for 16 hours. Fol- 
lowing hydrolysis, the hydrolysate was chilled and the fatty acids filtered 
off. 

The protein residue remaining after extraction of the lipides was hydro- 
lyzed and the amino acids exhibiting radioactivity determined by frac- 
tionation on a Dowex 50 resin column in the manner described below for 
the phospholipide bases. 

Chromatographic Separation of Phospholipide Bases—The filtered hy- 
drolysate was reduced to dryness, taken up in approximately 5 ml. of 
distilled water, and transferred quantitatively toa 9mm. X 120 cm. column 
of Dowex 50 (250 to 500 mesh). This column provided adequate resolution 
of such compounds as serine, ethanolamine, and choline when eluted with 
1.5 m HCl at room temperature and a flow rate of 0.1 ml. per minute. The 
fractions were collected and dried in polyethylene planchets, as described 
in the section on synthesis and in previous publications from this laboratory 
(12). Each planchet was counted for 100 seconds. 

Identification of Compounds—The compounds in fractions exhibiting ra- 
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dioactivity were identified to the extent possible by (a) their position on 
elution from the resin column, (b) paper chromatography, and (c) the rei- 
neckate salt reaction. The principal solvents employed for paper chroma- 
tography were aqueous phenol and n-butanol-acetic acid-water (100:21:50), 
and color was developed with the ninhydrin reaction. The ninhydrin 
color of alternate samples of each peak from the resin chromatograph 
was run to determine whether the compound in question coincided with 
the graphical peak of radioactivity, and in each case the regions on the 
paper were scanned for radioactivity before the development of the nin- 
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Fig. 4. Column radioactivity graph of the liver phospholipide hydrolysate result- 
ing from the administration of ethanolamine-1,2-C™ to rats. The peaks marked X 
were ninhydrin-positive; the peaks marked 0 were ninhydrin-negative. 


hydrin color. Identification of radioactive compounds was restricted to 
substances exhibiting a positive ninhydrin reaction. 

A representative column radioactivity graph showing the distribution 
of the peaks from the phospholipide hydrolysate is plotted in Fig. 4. 


RESULTS AND DISCUSSION 


Fig. 2 shows that the maximal specific activity of the CO, was attained 
in 1 hour and the time necessary for it to be decreased by 50 per cent was 
90 minutes. The initial rapid upswing of the curve indicates that ethanol- 
amine is capable of being readily oxidized during the first 3 hours. How- 
ever, the fact that only 9.2 per cent of the ethanolamine appeared as CO; in 
24 hours (Fig. 3) indicates that the ethanolamine is being diluted or is 
forming derivatives that are not immediately metabolized, thus reducing 
the amount oxidized to COs. Such a finding might be expected in view 
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of the observation of Stetten (1) that 28 per cent of the ethanolamine and 
21 per cent of the choline of the body phosphatides were replaced with N'- 
containing compounds in his experiments. 

Table II indicates the per cent of the total urinary activity to be found 
in urea, hippuric acid, and uric acid. The activity in hippuric acid may be 
interpreted to signify the oxidation of some ethanolamine to glycine. 
This conclusion is supported by the small amount of radioactivity observed 
in the uric acid molecule, since glycine has been shown to be incorporated 


TaBLeE II 
Partial Survey of Distribution of Urinary Radioactivity 


| 
Compound isolated | Per a WL 
SG hee i824 a Cad eet 8 eo ala ee Se ee | 23.90 
FEE PUREE CHOOT Oo. o%. «9st ee. Heit ee ole ee eT | 2.62 
Oho t ae cs ners Myer ce i til Ee 0.095 
TaBLeE III 


Survey of Distribution of Radioactivity in Ninhydrin-Positive Compounds and Choline 
Isolated from Liver Phospholipides 


Compound | Per cent conversion* 
| 
TGRATOVATIINO 0 060 QUE A ee ee 7.67 
OHOWNG 2 cit fed} 2 dc. ee Pees oe ee ee Ok | 2.14 
BOT cst 4 Pai ossd av tian. os Soe ae ne eee ee 0.46 
Te I sce Gite nsc saa ak eens te cere ee 1.07 


* Conversion refers to an injected dose of 3 ue. of ethanolamine. Corrections 
were applied for background and coincidence. 


into the uric acid molecule of the pigeon (13, 14) and of man (15). Further 
support is offered by the appearance of radioactive glycine of low activity 
in the fractions collected from the protein hydrolysate of the phospholipide- 
extracted residue. In confirmation of previous work (1), the data pre- 
sented here show that glycine is formed only to a small extent from ethanol- 
amine. This may be because the conversion is by an indirect pathway 
through choline and betaine. 

Following the survey of the oxidation of radioactive ethanolamine and a 
partial survey of the urinary excretion products, an investigation was 
undertaken of the tissue constituents, in particular of the phospholipides. 
The quantitative distribution of the radioactivity in the peaks from the 
liver phosphatides (Table III) shows that extensive incorporation of the 
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radioactive ethanolamine into the cephalin and considerable conversion 
to the choline and serine found in the phosphatides occurred in the 4 hour 
period. In addition, two other peaks, marked X in Fig. 4, were obtained 
in the column radicactivity graph. The X peaks were ninhydrin-positive 
and both appear to be major components. Their identities are not known 
at present. 

The present investigation confirms the report by Stetten (1) of the direct 
conversion of N'5-labeled ethanolamine to choline. The utilization of C'- 
labeled ethanolamine eliminates the possibility of a transfer of nitrogen in 
the formation of choline. Proof of this is desirable, because the lability 
of the nitrogen is apparent from the relatively large fraction of the N™ 
which appeared in the urea and ammonia of the urine in Stetten’s ex- 
periment. 

The observed conversion of ethanolamine to serine is relatively large, 
particularly in view of the small extent of radioactivity observed in glycine. 
This suggests that the processes of oxidation of ethanolamine to glycine 
and conversion of the latter to serine, followed by incorporation into the 
phospholipide, are so closely linked that these particular fractions do not 
suffer any marked degree of dilution, whereas the glycine and serine that 
are discharged into the body fluids are extensively diluted with unlabeled 
material. Support for this is the observation that both the glycine and 
serine obtained from the hydrolysate of liver protein were of a very low 
radioactivity. Radioactivity, and to a much higher degree, was also ob- 
served in the glutamic acid, aspartic acid, and alanine fractions of the pro- 
tein hydrolysate. This may be explained by fixation of the radioactive 

CO, formed from the ethanolamine and entrance of the labeled products 
"into the tricarboxylic acid cycle. 


SUMMARY 


1. Ethanolamine-1 ,2-C™ was synthesized by an improved procedure in- 
volving dehydrohalogenation of ethylene chlorohydrin to ethylene oxide 
and reaction of the latter with ammonia. The pure product was isolated 
from the polysubstituted ethanolamines by ion exchange chromatography. 

2. The rate of oxidation of ethanolamine in the body was comparatively 
rapid, although the amount oxidized was only about 10 per cent of the total. 

3. Study of the excretion products in the urine and the distribution of 
radioactivity in the amino acids of the liver protein confirmed the supposi- 
tion that there is a limited conversion of ethanolamine to glycine. Other 
amino acids found to acquire radioactivity were serine, alanine, glutamic 
acid, and aspartic acid. 

4. The phosphatide bases, ethanolamine, choline, and serine, were found 
to be highly radioactive, the activity decreasing in the order given. ‘This 
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result offers additional evidence of the rapid incorporation of ethanol- 


amine into phospholipide and the metabolic conversion of ethanolamine to 
choline and serine. 
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THE EFFECTS OF DIVALENT CATIONS ON TRYPSIN* 


By N. MICHAEL GREEN{ anp HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, April 6, 1953) 


Although the activating effect of metal ions, such as Cot*+ and Mn+, 
on a variety of aminopeptidases has long been known (see Smith (2)), no 
requirements of the pancreatic proteinases for these ions have been demon- 
strated. It has been found, however, that calcium salts improve the 
yield of trypsin from trypsinogen (3) and that they increase the stability 
of trypsin at alkaline pH (4, 5). Earlier reports contain conflicting data 
on the effects of ions on crude pancreatic enzyme preparations and, apart 
from the work of Sugai (6) on the activation of crude trypsin preparations 
by some metal ions (Mnt+, Cot+, Ni+, Fet*, and Fet**) and the inhibition 
by others (Ag+, Hgt*, Zn**, and Pbt*), these data appear to be of ques- 
tionable significance. 

In recent work in this laboratory it was noted that the addition of 0.01 
m Cat+ to the reaction mixture increased the zero order rate constant of 
the tryptic hydrolysis of benzoyl-L-arginine ethyl ester (BAEE) by ap- 
proximately 25 per cent and at the same time improved the reproducibility 
of the rate measurements (1). Since, in comparison to typical metal ion 
activation (2, 7), the increase in activity was small, it was thought to 
represent an effect of the divalent cation on the stability of the enzyme, 
similar to that suggested by Gorini (4) and by Bier and Nord (5). In 
addition to calcium ions, Mnt*, Cd+, Cot, and, to a lesser extent, Mg++ 
and Ba++ were found to increase the activity of trypsin toward BAEE, 
whereas metal ions such as Hg**, Cut, Agt, and, to a lesser extent, Zn++ 
inhibited trypsin at low concentrations (1). The metal ion-inhibited 
enzyme could be partially reactivated by calcium and other inorganic 
salts, as well as by the complex-forming agent Versene (ethylenediamine- 
tetraacetic acid) and by thioglycolate. The results of these studies are 
the subject of the present paper. 


EXPERIMENTAL 
Materials and Methods 
Twice crystallized trypsin (Worthington), containing approximately 50 
per cent magnesium sulfate, was dialyzed against 0.001 Nn hydrochloric 


* A preliminary account of this work has been published (1). 
} Postgraduate Travelling Student, London University, 1951-52. Present ad- 
dress, University of Sheffield, Sheffield, England. 
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acid for 16 hours in the cold, with stirring, and then lyophilized. Solutions 
were made in cold 0.001 N hydrochloric acid and used on the same day. 

Chymotrypsinogen, crystallized seven times, was prepared by Mr. J. A. 
Gladner according to the method of Kunitz and Northrop (8). Salmine 
sulfate was a commercial sample, obtained through the courtesy of Dr. 
E. G. Krebs. 

The synthetic substrates, benzoyl-L-arginine ethyl ester, benzoyl-L-argin- 
inamide (BAA), and acetyl-t-tyrosine ethyl ester (ATEE), were prepared 
according to methods previously published (9, 10). 

Metal salts were reagent grade chlorides, except for Mn++ and Cd+, 


which were used as sulfates, and Ag+, which was used as nitrate. A stand- | 


ard calcium chloride solution was prepared by dissolving a weighed quantity 
of Iceland spar in the minimal quantity of 6 Nn hydrochloric acid and dilut- 
ing with water to the required volume. Glass-distilled or deionized water 
was used throughout. 

Protein concentrations were determined at 280 my in a Beckman model 
DU spectrophotometer and checked against nitrogen determinations by 
the micro-Kjeldahl method, assuming 15.0 per cent protein nitrogen (11). 
The protein concentration of a trypsin solution of unit optical density was 
found to be 0.695 mg. per ml., considerably higher than the value 0.585 
given by Kunitz (12). 

Tryptic esterase activity was determined with 0.005 m BAEE as sub- 
strate and 17 y of trypsin per ml. The reaction was followed by the con- 
tinuous potentiometric titration method of Schwert e¢ al. (13) in 0.01 m 
borate buffer, pH 7.8. The activities were expressed as zero order velocity 
constants (moles per liter per minute) per mg. of trypsin nitrogen. For 
experiments in the presence of Agt ions, BAEE hydrochloride was con- 
verted to the nitrate by passage through a Dowex 2 ion exchange column 
in the nitrate form, and calcium chloride was replaced by calcium nitrate. 
Any variations from these conditions will be given in the text. 

Amidase activity of trypsin was determined with 0.01 m BAA as sub- 
strate in 0.05 m borate buffer, pH 7.8 (13). 

Proteinase activity of trypsin was determined at 25° with salmine (0.5 
per cent) as substrate in 0.1 mM borate buffer, pH 7.8. Aliquots containing 
0.1 ml. of the incubation mixture were withdrawn and added to 1 ml. of 
ninhydrin reagent and analyzed according to the method of Moore and 
Stein (14). The tryptic activation of chymotrypsinogen was followed by 
mixing a 0.3 per cent solution of the protein in 0.1 m tris(hydroxymethy]))- 
aminomethane hydrochloride (Tham) buffer, pH 7.8, with trypsin at 4°, 
and assaying samples for chymotryptic activity, with ATEE as substrate 
(9). 
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Results 


Table I shows the magnitude of the effect of 0.001 and 0.01 m divalent 
cations on the esterase activity of trypsin at pH 7.8. The results are 
expressed as ratios of zero order reaction constants. In the absence of 
added divalent cations, a value of ko = 0.28 was found, in agreement with 
the values reported by Schwert et al. (13), but addition of 0.001 m calcium 


TaBLe [ 
Effect of Divalent Cations on Hydrolysis of BAEE by Trypsin 





Relative activity* 
Cation added 





0.001 | 0.01 
| 

NGO xsi sau MIE caso cua he oe ee 1.00 
ORE aco ce ees sp oacas 5 Gag toot eee dete ue deh «ee 1.28 | 1.28 
mere er eee 1.34 | -1.85t 
Ss ee ee CRO eT Ne SE Soe Ae 1.34 
Co icc thd Gl chat cae 1.18 1.30t 
Mipth ccwsstsen testi dave tate hed aes rates eee 1.09 1.26 
Re ete ts aus cae eet eee ene 1.08 1.28 
i ONE cave 0 icdss ay wean eel eee a 1.10 
POG OME Ot Sci sare cis cckor odes asain mae ne | 1.0 Ca. 
1/11 SEN ET og PAS he Sr 8 A ARORA pea et BO chee i hbo | 0.81 
Cat? (borate: buffer) es is .. eee ee eee | 0.0 
Misc ce ahtecdh Soot hccts wntasioontuss aii eean 0.0 
Kot (borates buttery... jcc 6 sa0ks scnageha ee Semele cad | 0.0 
MOERSGHG ONO Wek stern cep hopin Ue ecm Ee 1.00 
Cor +" Versene-(QiOUs, BE) os. 55 nsdec comin ca tenes | 1.00 
Catt + (GOES YD. cco eR aa 1.00 





* Activity is expressed as the ratio of zero order reaction constants in the presence 
of the added cation to that observed in 0.005 m tris(hydroxymethyl)aminomethane 
hydrochloride buffer, pH 7.8, alone. 

+ Corrected for the effect of partial precipitation of the metal oxide on alkali 
consumption during ester hydrolysis. 


raised the value to 0.36. The activating effects of Ca++, Mn+, Cot, 
and Cd+* were all of the same magnitude, provided that sufficiently high 
metal ion concentrations were used, and they were the same when the ion 
was added to the enzyme solution before or after the addition of the sub- 
strate. Since at the pH of the reaction several of the metal ions gave 
precipitates of the corresponding hydroxides, the results for Fet+ and 
Pbh*+* are not accurate. Cd+*, Co, and Mn+ gave only a slight initial 
precipitate, but the addition of base during the reaction caused further 
precipitation, owing presumably to local excess of base. This led to 
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spuriously high base consumption, which was corrected by subtracting 
the base equivalent to 100 per cent hydrolyzed substrate from the total 
base consumed during the reaction. This quantity was small, and, since 
no deviation from zero order kinetics was observed, it was assumed that 
its contribution to the rate was uniform. 

These observations show that at pH 8 the concentration of divalent 
cation in solution is often much less than that of the added metal salt. 
As an extreme example we may calculate from data in the literature (15, 
16) that a 10~* m solution of HgCle, in the presence of 0.01 m Cl at pH 8, 
contains 10- m Hgt*, 2.4 X 10-' m HgClh, and 7.6 X 10-* m Hg(OH)p. 
The use of symbols such as Cut* or Hgt*, when referring to the metal 
salts, must, therefore, be regarded as a convenient shorthand without 
chemical significance, except for the alkaline earth cations and magnesium, 
which are not appreciably hydrolyzed under these conditions. 

Effects of Dialysis and Versene—Prolonged dialysis of trypsin for 3 days 
in the cold against 0.001 n HCl did not lower ky below 0.28. Versene (10 
M), which binds divalent cations strongly, lowered ky to 0.255.! Versene 
also reverses the action due to added metal ions, but the activity can be 
restored by the further addition of metal salts. These activations and 
inactivations are practically instantaneous, the slope of the rate curve 
changing sharply at the point of the addition of the reagent. This is in 
marked contrast to the slow activation of the aminopeptidases (2). 

Effect of Calcitum—The effect of calcium ion concentration on the esterase 
activity of trypsin is shown in Fig. 1. The experimental points follow 
approximately the continuous curve calculated on the basis of reversible 
combination of a single calcium ion with trypsin according to the law of 
mass action, with a dissociation constant of 4 X 10-*m. The assumptions 
involved in deriving this curve are discussed below. There is, however, 
considerable departure of the experimental points from the curve at higher 
Ca++ concentrations, which remains unexplained. The effect of Ca** 
on the amidase activity of trypsin (BAA as substrate) was found to be 
similar to that on esterase activity. The pseudo first order velocity con- 
stant per mg. of trypsin nitrogen per ml., at pH 7.8, was 0.058 in the ab- 
sence, and 0.071 in the presence, of 0.01 m Ca++. However, no significant 
effect of Ca** could be found when the proteinase activity of trypsin was 
measured with chymotrypsinogen and salmine, respectively, as substrates. 
The initial rate of tryptic activation of chymotrypsinogen to a-chymo- 


1In higher concentrations Versene is less effective, and, in fact, in concentra- 
tions of 10-2 m a slight increase in ko is observed. It is probable that Versene has 
a dual effect, one inhibitory, owing to the binding of metal ions, and the other one 
activating, shown in higher concentrations, which is probably similar to the effect 
produced by other organic compounds such as alcohol (17) or isobutyric acid (un- 
published experiments). 


in 
24 
lw 
| af 
re 


——~ Of Dm wg 





YIM 


cting 
total 
since 
that 


alent 

salt. 
» (15, 
HH 8, 
JH). 
netal 
thout 
sium, 


days 
(10-4 
rsene 
an be 
3 and 
curve 
is in 


terase 
‘ollow 
rsible 
aw of 
otions 
vever, 
1igher 
Catt 
to be 
7 con- 
1e ab- 
ficant 
n was 
rates. 
1rymo- 
entra 
ne has 
ler one 
» effect 
id (un- 





N. M. GREEN AND H. NEURATH 383 


_ trypsin was the same in the presence and absence of 0.1 m Cat+, but after 


24 hours incubation a slight enhancing effect of Ca*+* on the final activity 


_ was noted. Similarly, the tryptic digestion of salmine sulfate was un- 
affected by the presence of 0.02 m Ca*, nor did the addition of Versene 
_ reduce the rate. These findings are in contradistinction to the reported 


activation of tryptic digestion of hemoglobin by Ca++ (18). 
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Fia. 1. The effect of Ca** concentration on tryptic activity. For further details 
and the significance of the calculated curve (solid line), see the text. 

Fic. 2. Inhibition of tryptic activity by Cut*. O, without added Ca**; @, in 
the presence of 0.001 m Cat*. 


Exhaustively dialyzed trypsin (against 0.001 m HCl) contains only 
traces of calcium, as measured by the intensity of the 646.6 my line in 
a Weichselbaum-Varney flame spectrophotometer.? In comparison to a 
standard solution of Iceland spar, the calcium content of a 1 per cent 
trypsin solution was found to correspond to 0.1 mole per mole of trypsin 
(molecular weight 24,000 (11)). 

Inhibition by Metal Ions—It can be seen from Table I that trypsin is 
strongly inhibited by Cu*+, Hg, and Ag* ions and, to a lesser extent, by 


2 We are indebted to Dr. Robert D. Ray of the Department of Surgery for use 
of this flame spectrophotometer. 
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Zn** ions. The effect of metal ion concentration on the inhibition by 
Cu*++, Hgt*, and Agt ions is shown in Figs. 2, 3, and 4. In all cases, the 
inhibiting ion was added after trypsin and substrate (BAEE) had been 
mixed. It will be noted that all three ions are about equally effective 
inhibitors and that Ca*+, when added before the inhibiting ion, raises the 
metal ion concentration required to produce a given percentage of in- 
hibition. 
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Fig. 3. Inhibition of tryptic activity by HgCle. O, without Catt; @, in the 
presence of 0.001 m Cat*; g, in the presence of 0.01 m Cat*. 

Fig. 4. Inhibition of tryptic activity by Agt. O, without Ca**; @, in the pres- 
ence of 0.001 m Ca**; 0, in the presence of 0.01 m Ca**. 


The observation that the curves obtained in the presence of Ag* and 
Hg** ions, respectively, are not sigmoid shows that more is involved in the 
inhibition than reversible combination at a single site. This is also borne 
out by the reactivation studies described below. The different shape of 
the curves obtained in the presence of Cut ions is probably the result of 
precipitation of cupric hydroxide which occurs when the Cut* ion con- 
centration exceeds 5 X 10-'m. The sigmoid shape of these curves is thus 
an artifact and does not indicate simple reversible combination. 

The investigation of the inhibition by Cut* ions is also complicated by 
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the formation of complexes with BAEE and its hydrolysis product, ben- 
zoyl-L-arginine. This leads to an increase in trypsin activity as hydrolysis 
proceeds and in an apparent departure from zero order kinetics. Complex 
formation was demonstrated spectrophotometrically, the visible absorption 
of Cut* (800 mu) being shifted to shorter wave-lengths and raised in in- 
tensity by BAEE, and to a greater extent by benzoyl-L-arginine. The 
complexes were not sufficiently stable to prevent precipitation of cupric 
hydroxide by alkali. 

Reversal of Metal Ion Inhibition—The inhibition by Cu*+*+, Hg**, and 
Agt (10-4 m) was completely reversed by thioglycolic acid (10-* m), which 
itself had no effect on trypsin activity at this concentration. This shows 
that the metal ions do not cause any irreversible change in the enzyme 
protein. 

Metal ion inhibition can be partially reversed by Versene and by Cat**, 
maximal reactivation being about 80 per cent. The interaction of trypsin 
with Hgt*, Cat*+, and Versene is shown in Fig. 5, in which the sequence of 
the addition of reagents, given along the abscissa, is indicated by the 
arrows and the corresponding zero order velocity constant for the tryptic 
hydrolysis of BAEE, ko, is plotted along the ordinate. It will be noted 
that a lower ky resulted if Hg*+* and trypsin were left in contact before the 
addition of substrate. The subsequent reactivation by Ca** was likewise 
decreased. Similar effects were noted with Cu* as the inactivating ion. 
Silver ions behaved differently in that (1) inhibition was independent of 
the time of incubation with trypsin prior to the addition of substrate and 
(2) the reactivation by Ca** was independent of Ca*+* concentration (0.001 
to 0.1 M) and reached only 70 per cent of the original activity. 

Effect of Ionic Strength on Inhibition—In order to test the specificity of 
Ca** in preventing the inhibition of trypsin by the above metal ions, 
various salts, which alone have no effect on the activity of this enzyme, 
were added to trypsin and BAEE prior to the addition of Hg**. The re- 
sults are shown in Fig. 6 in which the resulting ko, obtained in the presence 
of 5 X 10-° m mercuric chloride, is plotted against the ionic strength of 
the added salt. It is apparent that sodium chloride, strontium chloride, 
and ammonium sulfate are equally effective in reducing the inhibition 
by Hg+* at the same ionic strength. Furthermore, comparison of these 
results with those shown in Fig. 3 demonstrates that, if allowance is made 
for the specific activating effect of Cat+, calcium chloride is not more 
effective than the above salts.’ 


3 In view of these findings it is surprising that the addition of base during the 
esterase determinations has apparently no effect on the reaction rate. Except for 
a reduction in rate during the late stage of the reaction, when the Hgtt-BAEE ratio 
becomes high, the reaction remains zero order. This result may be explained by 
the consideration of the over-all reaction in which BAEE hydrochloride, a uniuni- 
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Effect of Substrate Concentration on Metal Ion Inhibition—Increasing 
concentration of BAEE progressively reduced the inhibition of trypsin by 
Cut, Hgt*, and Agt ions. This effect was only partly due to the con- 
tribution of the substrate to the total ionic strength, for, if the latter was 
held constant, the phenomenon was still evident. 
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Fia. 5. Reactivation of trypsin inhibited by HgCle. The reagents indicated along 
the axis of the abscissae were introduced at the concentrations shown in the sequence 
marked by the arrows. O, Ca** absent; @, Ca** present; in both cases HgCl. added 
after the substrate. 0, Ca*+ absent, HgCl: added 20 seconds before the substrate. 

Fia. 6. Effect of ionic strength on the inhibition of trypsin by HgCle (5 X 10-5 M). 
O, NaCl; A, (NH,4)2S0,; O, SrClo. 


The data did not follow the linear relation of Lineweaver and Burk (19) 
for simple competitive inhibition, nor could the results be quantitatively 
accounted for by relations developed on the assumption that the concen- 
tration of free Hg** was reduced by complex formation with BAEE. 
However, the Lineweaver-Burk theory assumes reversible combination of 
the inhibitor at a single site, which is apparently not valid for this system 
(see Fig. 3). Competitive inhibition might still account for part of the 
effect of Hg. 


valent electrolyte, is replaced by benzoyl-t-arginine, a dipolar ion, and sodium 
chloride. Since the dipolar ion contributes relatively little to the ionic strength, 
it might have little effect on the trypsin-Hg** combination. 
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DISCUSSION 


Since trypsin retains about 80 per cent of its maximal activity in the 
absence of any added metal ion, or in the presence of Versene, metal ions 
do not appear to be essential for the activity of this enzyme. Since the 
activation by calcium ions and its reversal by Versene occur equally well 
in the presence or absence of the substrate BAEE, it is unlikely that the 
metal ions are directly involved in enzyme-substrate combination. 

Several independent investigations appear to offer some clue to the 
role of the activating metal ions in this system. From studies of the 
stability of trypsin at alkaline pH, Kunitz and Northrop (20) concluded 
that “active native trypsin” was in equilibrium with a “reversibly de- 
natured” form. It was further suggested that the progressive loss of 
activity in this pH region was the result of digestion of inactive trypsin 
(T;) by active trypsin (T,), a process which may be formulated as follows: 


Te— lk (1) 
T, + T; — Ta + peptides (2) 


The subsequent findings of Bier and Nord (5) and Gorini (4) that cal- 
cium salts greatly retarded the autolysis of trypsin at alkaline pH led 
Gorini (4) to suggest that only the active form of trypsin contained bound 
calcium and that the action of this ion was to shift equilibrium reaction (1) 
toward the active form. Since, however, calcium is not obligatory for 
tryptic activity, Gorini’s hypothesis requires modification, for example 
as indicated in equations (8) to (5). 











T. + Cat+ es TCa (3) 
K 

i +cat —&. TCa (4) 
T. + T; — T. + peptides (5) 


The symbol K denotes the respective equilibrium constant, assuming 
that only a single Ca++ is involved. K, may be calculated if it is assumed 
that T, and TCa have the same specific activity (K,; = T;/T, = (rela- 
tive activity — 1) = 0.29). According to this scheme, Ca** could reduce 
autolysis by combining with trypsin, as shown by equation (3) or (4) or 
both, whereas in the absence of Ca** autolysis would occur according to 
equation (5). Since the shape of the theoretical curve relating the con- 
centration of Ca* to tryptic activity is very similar whether calculated 


4 The possibility that trypsin contains firmly bound cations other than calcium 
which are essential for activity is not excluded by the present data. 
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according to equation (3) or (4), it does not seem possible to differentiate 
between these schemes experimentally. The curve in Fig. 1 was cal- 
culated for the simultaneous occurrence of both reaction equations, with 
K, = K;. This represents the simplest hypothesis to account for the 
effect of Ca** on the autolysis and the activity of trypsin, but it should be 
noted that the supporting evidence is indirect. 

Preliminary experiments on the effect of calcium ions on the pH maxi- 
mum for tryptic esterase activity showed below pH 11 a negligible effect 
of pH on the percentage activation due to calcium. These results, which 
are in essential agreement with similar measurements of Duke, Bier, and 
Nord (18) involving hemoglobin as substrate, are surprising, since equilibria 
such as those shown above would have been expected to involve hydrogen 
ions. 

The failure of calcium to activate tryptic digestion of salmine and the 
activation of chymotrypsinogen are not readily explicable. The essential 
difference between these substrates and the synthetic substrates is one of 
size and number of polar groups. If the function of the calcium ions is to 
maintain a specific configuration of the peptide chains in trypsin, it is 
possible that a protein substrate might replace calcium in this respect, 
while a small molecule could not. It is apparent, however, that the com- 
plex protein substrates do not respond uniformly in this respect, since it 
has been reported that calcium activates the proteinase activity of trypsin 
and hemoglobin (18) and that calcium stabilizes serum albumin against 
tryptic digestion (21). 

In view of the lack of data on the amino acid composition of trypsin, 
and the multiple affinities of the inhibiting metal ions for the enzyme, the 
substrate, and the hydrolysis products, respectively, the mode of action 
of Cut*, Hg, and Agt in causing enzyme inhibition is highly conjectural. 
It is also uncertain whether these ions combine with the enzyme at the 
same site as the substrate, since the dependence of metal ion inhibition on 
substrate concentration is not accounted for by simple relations for com- 
petitive inhibition. This question will be further discussed in a future 
publication. The relation between the sites of combination of activating 
and inhibiting ions is similarly indefinite, since the reactivation of inhibited 
trypsin by calcium ions is primarily an effect of ionic strength. It may 
be significant, however, that activating and inhibiting ions, synthetic 
substrates, and the pancreatic trypsin inhibitor (22) are all positively 
charged when they combine with this enzyme. 

Exploratory experiments on the absorption spectra of copper-trypsin 
complexes revealed a resemblance in the visible region and over a wide pH 
range (pH 3 to 8) to the copper-serum albumin complexes of Klotz et al. 

23). In the ultraviolet region a band at 250 my was apparent, in con- 
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trast to the absorption of the complex of several amino acids with copper 
studied by Spies (24), which absorb at 230 mu, and the copper-imidazole 
complexes of Gurd eé al. (25) at 280 my. In further contrast to the com- 
plexes between copper and the histidine groups of serum albumin de- 
scribed by Tanford (26) and by Gurd and Goodman (27), those between 
copper and trypsin are formed at much lower copper concentrations, the 
apparent dissociation constants being of the order of 10-° for the latter 
and 10-27 for the former. The site of interaction remains to be elucidated. 


This investigation was supported by a grant from the Rockefeller Foun- 
dation. 


SUMMARY 


Kinetic studies on the effects of several divalent ions on the enzymatic 
activity of trypsin have been carried out. Catt, Co, Cd+, and Mn+ 
increase the esterase and amidase activity of trypsin maximally by 25 
per cent, whereas Cut+, Hg*t* and Agt, are inhibitory. The activating 
effect can be fully reversed by Versene, and the inhibiting effects partly 
so. Inhibition by metal ions can be reversed by thioglycolate and reduced 
by calcium ions, as well as by neutral salts which alone have no effect on 
tryptic activity. The nature of the interactions among enzyme, substrate, 
activating, and inhibiting ions has been considered. 
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THE STABILITY OF HYPOPHYSEAL GROWTH HORMONE 


By CHOH HAO LI anp HAROLD PAPKOFF 


(From the Department of Biochemistry (Hormone Research), University of California, 
Berkeley, California) 


(Received for publication, March 18, 1953) 


Previous studies have been carried out in this laboratory (1, 2) de- 
scribing the denaturation of growth hormone (somatotropin) in acetic 
acid solutions. The present communication presents further data on the 
stability of the hormone under various conditions of treatment. 


EXPERIMENTAL 


The growth hormone preparation was isolated from the anterior lobes 
of ox pituitary glands by methods previously described (2, 3). No evi- 
dence of inhomogeneity was observed in the somatotropin preparations 
which were examined by ultracentrifuge, electrophoresis, and end-group 
analysis (2-4). The growth-promoting activity of these preparations was 
estimated by the tibia test (5), and by the rate of gain in body weight of 
hypophysectomized rats. 

A 2 per cent solution of the hormone was used for the various treatments; 
the temperature was maintained within a range of +0.5° in water baths. 
Electrophoretic experiments were carried out at 0° in the Perkin-Elmer 
model of the Tiselius apparatus. A 2 cc. cell was employed, and Longs- 
worth’s scanning method was used for photographing the boundaries. 
Most of the runs were performed in an acetate buffer, pH 4.0, of ionic 
strength 0.03 at a potential gradient of about 11 volts per cm. for 3600 
seconds. 


Results 


Effect of Glacial Acetic Acid—A 2 per cent solution of somatotropin in 
glacial acetic acid was kept at 70°. At various time intervals aliquots 
were removed, frozen, and immediately lyophilized. Data showing the 
electrophoretic behavior of the treated protein preparations may be seen 
in Fig. 1. It is clear that, after treatment of the protein with glacial acetic 
acid, two components appear. The electrophoretic mobility (6.5 * 10-5 
cm.’ per sec. per volt) of the slow moving component (S) is the same as 
that for the untreated hormone, whereas the fast moving component (F) 
has a mobility of 8.7 X 10-> cm.’ per sec. per volt. The amount of F 
increases with time; in 1 hour, 63 per cent of the protein is converted into 
the fast moving component (Table I). The change appears to be a rapid 
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process; even 5 minutes of treatment result in a considerable degree of 
conversion. If the time required for a 50 per cent conversion is designated 
as t;, then & for the glacial acetic acid treatment is 23 minutes. When 
the treated hormone was assayed for growth-promoting activity by the 
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Fic. 1. Electrophoretic patterns (ascending boundary) of somatotropin after 
treatment with glacial acetic acid at 70° for various time intervals. A, untreated 
hormone; B, 5 minutes of treatment; C, 15 minutes of treatment; D, 30 minutes of 
treatment; HZ, 60 minutes of treatment. 


























TaBLe [ 
Effect of Heated Glacial Acetic Acid (70°) on Growth Hormone 








Electrophoretic components* Bioassayt 
Time of j 
treatment * ; ie 
Slow Fast No. of rats Tibia width pt 
min. | percent | percot ‘ie aa 
0 100 0 27 | 237 + 3§ 
5 66 34 7 | 219+ 4 | <0.01>0.001 
15 55 45 
30 45 55 30 | 2183+ 2 | <0.001 
60 | 37 63 | 











* Estimated from electrophoretic patterns obtained from experiments conducted 
in an acetate buffer, pH 4.0, of ionic strength 0.03. 

{ Animals given a total dose of 80 y in 4 days; those receiving saline had an average 
tibia width of 155 p. 

¢ From Fisher’s table of ¢. 

§ Mean + standard error. 


tibia test, it was found that there had been a significant reduction of 
biological potency (Table I). Loss of growth-promoting activity was also 
indicated by the weight maintenance test as shown in Table IT. 

Effect of 0.1 n Acetic Acid—When the hormone was dissolved in 0.1 N 
acetic acid and maintained at 25° for 24 hours, there resulted a definite 
destruction of hormonal activity with accompanying changes in electro- 
phoretic behavior. The results presented in Fig. 2 and Table III indicate 





ed 
en 
he 


ter 
ted 
: of 


sted 


rage 


1 of 
also 


nite 
tro- 
cate 





Cc. H. LI AND H. PAPKOFF 393 


that, in this case also, a new electrophoretic component appears whose 
mobility is identical to that of the F component in the glacial acetic acid- 
treated hormone. It takes a much longer time for the hormone in 0.1 N 
acetic acid solution to attain the half conversion (tj = 6 hours) than it 


TaBie II 


Effect of Heated Glacial Acetic Acid (70°) on Activity of Growth Hormone As Measured 
by Weight Maintenance Test 





. Body weight 
Groups* => es, = 
Initial Final Gain 

; a -~ gm. :* gm. 
“S111 Saar lea eee i ald eS a | 6 121.8 112.5 —9.3 
UNGRERICE kon os daa coe o emu 11 123.9 155.4 31.4 + 2.6f 
"VVORECU Ec ns sas cree: 14 124.1 127.4 3.3 + 1.2 

| 





* Hypophysectomized male rats, 40 days of age at operation, were injected intra- 
peritoneally with 0.10 mg. once daily for 15 days except Sundays, beginning on the 
day of the operation. 

{+ Mean + standard error. 

t 20 mg. of the hormone were dissolved in 1 ce. of glacial acetic acid and kept at 
70° for 30 minutes. 
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Fic. 2. Electrophoretic patterns (ascending boundary) of somatotropin after 
treatment under various conditions: A, 0.1 Nn AcOH, 25°, 30 minutes; B, 0.1 n AcOH, 
25°, 24 hours; C, 0.1 n NaOH, 25°, 3 hours; D, 0.1 n NaOH, 0°, 24 hours; E, buffer at 
pH 9.4, 25°, 48 hours. 


does for the hormone which has been treated with glacial acetic acid at 
70°. It is notable (Table III) that the conversion becomes slower at 0°. 
Furthermore, biological assay of the hormone after it had been kept in 
0.1 N acetic acid at 0° for 24 hours showed a significant loss of the growth- 
promoting activity, although only 27 per cent of the protein had become 
converted into the F component. 

Effect of 0.1 n NaOH—The results summarized in Table IV and Fig. 2 
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indicate that, after 6 hours in NaOH at 25°, all of the protein appeared in 
the fast fraction, and its biological activity was reduced to a considerable 
extent. It is of interest to note that 3 hours of treatment at 25° caused 




















Taste III 
Effect of 0.1 n Acetic Acid on Growth Hormone 
| : | Electrophoretic components*| Bioassayt 
Temperature | Pe al See SS —- —-— 
Slow Fast No. of rats | Tibia width | pt 

: *C. i hrs. a 2 a 

25 0 100 } 0 49 | 226 + 2§) 

25 0.5 73 27 | | 

25 6 52 48 9 211 + 5 | <0.01>0.001 

25 24 29 71 11 181 + 7 | <0.001 

0 24 73 27 8 201 + 4 | <0.001 














* Estimated from electrophoretic patterns obtained from experiments conducted 
in acetate buffer, pH 4.0, of ionic strength 0.03. 

+ Animals given a total dose of 80 y in 4 days; those receiving saline had an aver- 
age tibia width of 155 x. 

t From Fisher’s table of ¢. 

§ Mean + standard error. 











TABLE IV 
Effect of 0.1 n NaOH on Growth Hormone 
| ’ | Electrophoretic components* | Bioassayt 
Temperature | Raine al fe rt ——— 
| Slow Fast | No. of rats | Tibia width 

*C. | hrs. per cent per cent “ 

25 0 100 Oo | #@ | 24 2 

25 3 wu | 7% 26 | 0 10 | he 

25 6 0 100 9 190 + 4 

0 24 0 | 100 | 19 176 + 6 





* Estimated from electrophoretic patterns obtained from experiments conducted 
in an acetate buffer, pH 4.0, of ionic strength 0.03. 

¢ Animals given a total dose of 80 7 in 4 days; those receiving saline had an aver- 
age tibia width of 155 u. 

t Mean + standard error. 


the appearance of 75 per cent of the protein as the F component, but that 
under this set of conditions no loss of growth-promoting activity occurred. 
When the hormone solution was kept at 0° for 24 hours, the slow fraction 
disappeared and the treated hormone was found to consist of only the fast 
component with the growth-promoting activity almost totally destroyed, 
results similar to those produced by 6 hours of treatment at 25°. 
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Studies in Buffer of pH 9.4—The hormone in a borate buffer, pH 9.4, ionic 
strength 0.1, containing a few drops of toluene, suffered no loss of bio- 
logical potency after it was maintained at 25° for 2 days in a closed con- 
tainer.' Electrophoretic examination of the hormone after treatment for 
22 hours showed that it consisted of 48 per cent of the slow and 52 per cent 
of the fast components (Fig. 2, F). From the data given in Table V, the 
rate of formation of the fast fraction from native protein in a buffer of 
pH 9.4 is much slower than that observed in 0.1 N NaOH; the value for 
t, was estimated to be about 32 hours. It should be mentioned that the 
electrophoretic mobilities of fast and slow components in the hormone in 
a buffer, pH 9.4, are identical to the values obtained with preparations 











TABLE V 
Effect of pH 9.4 Borate Buffer at 26° on Growth Hormone 
Electrophoretic components*® Bioassayt 
Time of treatment |——__— ; 2 wg 
Slow Fast No. of rats Tibia width 
ra per cent per cent y ‘Cake u 
0 100 0 49 | 226 + 2t 
16 63 37 
22 58 42 
48 30 70 8 235 + 4 














* Estimated from electrophoretic patterns obtained from experiments conducted 
in an acetate buffer, pH 4.0, of ionic strength 0.03. 

+ Animals given a total dose of 80 y in 4 days; those receiving saline had an aver- 
age tibia width of 155 yu. 

t Mean + standard error. 


which have been treated either with glacial acetic acid, 0.1 N acetic acid, or 
0.1 Nn NaOH. In order to determine which fraction in the treated hormone 
possesses the growth-promoting activity, electrophoretic separation was 
conducted in a conventional Tiselius electrophoresis apparatus equipped 
with the 11 cc. double layer cell. The material used in these experiments 
was prepared by treating a 2 per cent hormone solution in a buffer of 
pH 9.4 at 25° for 22 hours. Before the electrophoretic separation was 
performed, the whole solution was dialyzed and lyophilized. The separa- 
tion was carried out in an acetate buffer, pH 4.0, of ionic strength 0.03 
at a potential gradient of 5 volts per cm. with compensation for 5 hours. 
The cathode and anode fractions were isolated and assayed. It may be 


1 No loss of growth-promoting activity was observed when a similar experiment 
was carried out at 25° for 2 days in a borate buffer, pH 8.4, of ionic strength 0.1; 
electrophoretic examination of the treated hormone disclosed the appearance of 64 
per cent of the fast fraction. 
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seen in Table VI that the cathode fraction contained little activity, while 
the anode fraction had the same potency as the unfractionated material. 
It should be pointed out that complete separation of the fast and slow 
components was not achieved in the present experiments and that the 
anode fraction (7.e., the slow component) contained at least 25 per cent of 
the fast moving component. Nevertheless, it is clear that the growth- 
promoting activity is retained in the slow moving component. 

The electrophoretic mobilities of the fast and slow fractions of the 
hormone mixture treated at pH 9.4 were determined in buffers of ionic 
strength 0.03 at various pH values. The results, presented in Fig. 3, 
indicate that the isoelectric point of the fast fraction is located at pH 7.3, 


TaBLe VI 


Bioassay of Fractions Obtained from Electrophoresis* of Growth Hormone T'reated 
with Buffer at pH 9.4 











Fraction No. of rats | Tibia widtht | tt 
eh ot £2 * | | oe a ; 
MONE ACHLON AUC 6. cos 55 3.052 visas cisleae re nap PUR 7 | 224 + 3§ | 
"ool ie SRS Sdn ae RA er ee 9 219 + 4 >0.1 
OE RRR Artes GOH RAR RECITES IAL NPP PEE 10 184 + 6 <0.001 || 


* Conducted in an acetate buffer, pH 4.0, of ionic strength 0.03, for 5 hours at a 
potential gradient of 6 volts per cm. with compensation. 

+ Animals given a total dose of 80 y in 4 days; those receiving saline had an aver- 
age tibia width of 155 yp. 

t From Fisher’s table of ¢. 

§ Mean + standard error. 

|| As compared with the activity of the anode fraction. 





whereas that of the slow fraction is at pH 6.6, a value very close to the 
isoelectric point of the native hormone (3). 

Stability of Hormone Protein under Other Conditions—The results sum- 
marized in Table VII indicate that the hormone is very labile in heated 
acid solution. The hormonal activity is almost completely abolished if 
the preparation is placed in a dilute acetic acid solution in a boiling water 
bath for 1 minute or a water bath of 70° for 30 minutes. Under both of 
these conditions, electrophoretic experiments revealed only the fast frac- 
tion. When the hormone was kept in an acetate buffer, pH 4, at 25° for 
3 days, it was also found to decrease in potency; on the other hand, no loss 
of activity occurred when the same solution was kept at 0° for 5 days. 
There was no change in the electrophoretic pattern in the latter case, but 
it was observed that 85 per cent of the protein hormone changed into the 
fast moving component after it had been kept in a solution of pH 4.0 for 
3 days at 25°. 
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A lyophilized sample of somatotropin was completely dried over P20; 
in a desiccator and put into a 100° oven for 30 minutes. In this instance, 





+8} 4 


+6 o 4 


+4b - 


+ 2b 4 











Electrophoretic Mobility (lIO™°cm%sec./volt) 








Fig. 3. The electrophoretic mobility of the F and S components of somatotropin 
treated at pH 9.4 as a function of the pH. O, F component; O, S component. 











TaBLeE VII 
Influence of Various Conditions of Treatment on Activity of Growth Hormone 
ee 
Conditions | — | treat- | es TA ae 
| | ment | No. of | 
| vats. | Tibia width | Slow | Fast 
x °C. | pre yu per cent | per cent 
WHEKGALEU oe FF iis. on Gs FORO 49 | 226 + 2¢ 100 0 
COL NACOM GS «5. cetera: See 70 30 8 | 168 + 8 0 100 
OTE PEEIY te be ae PRI T, aae 100 1 9 158 + 3 0 100 
Acetate buffer, pH 4.0............. 0 7200 6 | 228+5 100 0 
f k, be LT) Satay eee ee 25 ; 4820, 13 | 178 +9 15 85 
DEG WEMGe oye est eae ea ae 100 30 7 | 23024 5: 100 0 





* Animals given a total dose of 80 y in 4 days; those receiving saline had an aver- 
age tibia width of 155 yu. 
{ Mean + standard error. 


not only was the electrophoretic pattern unaltered, but the hormonal 
potency remained unchanged. 

N Terminal Group Analysis of ACOH-Treated Hormone Protein—A mix- 
ture of a 100 mg. sample, obtained by glacial ACOH treatment for 30 min- 
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utes at 70°, with 200 mg. of NaHCO; and 200 mg. of dinitrofluorobenzene 
(DNFB), was dissolved in 6 cc. of 65 per cent ethanol and allowed to react 
for 4 hours at room temperature as previously described (4). The re- 
sulting air-dried dinitrophenyl (DNP) sample was hydrolyzed with 6 n 
HCl for 16 hours. The ether phase of the hydrolysate was run on a silicic 
acid-CHCl; column. After the fast moving zone, which consisted of dini- 
trophenol and dinitroaniline, was eluted, the solvent was changed to bu- 
tanol (1 per cent)-CHCl;. There appeared a rapidly moving main zone and 
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Fic. 4. Paper chromatography of the DNP-amino acids obtained from the acid 
hydrolysate of DNP-(glacial AcOH-treated somatotropin): Section A, solvent, 
toluene-pyridine-ethylene chlorohydrin-0.8 n NH;. A, aspartic acid, glycine, and 
di-DNP-lysine; B, serine, alanine, valine, and phenylalanine; C, the original fraction 
from the silicic acid column; D, the main fraction from the silicic acid column. Sec- 
tion B, solvent, tert-amyl alcohol-phthalate buffer, pH 6; A, aspartic acid, cystine, 
serine, and threonine; B, glutamic acid, valine, and leucine; C, alanine and phenyl- 
alanine; D, the origin fraction from the silicic acid column; #, the main fraction 
from the silicic acid column. 


a faint yellow band in the origin. After these zones had been extracted 
with acetone, readings in a Beckman spectrophotometer at 3500 A dis- 
closed that the faint zone had a concentration of less than 10 per cent of 
the total DNP products. It was further noted that the ratio (uncorrected) 
of e-DNP-lysine to the total amount of a-DNP-amino acids is 18, a value 
which is practically identical to the value for this ratio with respect to the 
untreated native hormone protein (4). 

When the fast main fraction and the faint origin fraction were run chro- 
matographically on paper by procedures previously described (4), the 
results, presented in Fig. 4, indicated that the fast main zone was due to 
the presence of DNP-alanine and DNP-phenylalanine, whereas the faint 
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yellow band contained small quantities of a number of DNP-amino acids 
which were tentatively identified as DNP-valine, DNP-threonine, DNP- 
serine, DNP-aspartic acid, etc. It should be recalled that the DN P-soma- 
totropin contains only DNP-alanine, DNP-phenylalanine, and e-DNP- 
lysine. These results seem to indicate that some amino groups were made 
available to react with the DNFB after treatment of the hormone with 
heated glacial acetic acid. 


DISCUSSION 


It is evident from the results reported here that the hormone protein, 
which originally behaves as an electrophoretically homogeneous material, 
gives rise after it has been treated under various conditions to two dis- 
tinct components, each nearly homogeneous electrophoretically, but differ- 








TaBieE VIII 
Half Life Time (ty) of Growth Hormone under Various Conditions of Treatment 
Solvent Temperature iT Activity* 
C. min. 
GIACIRIVAGOEE o.5.0 cata oun acne eameoeees 70 23 - 
ON ACO oo de A cca Oo eee 25 360 = 
Buen pi Vie .icccw cet oaxiese naqocseeees 25 1920 45 
Ql NINGOUN: csi ciead s'cmecg od woke cee 25 72 = 














* Activity represented as follows: —, decrease; +, doubtful; +, unchanged. 
Activity was estimated when 50 per cent of the hormone had been converted into 
the F component. 


ing one from the other in mobility by a ratio of approximately 2:3. As 
averaged from nearly 100 experiments, the mobilities of the fast and slow 
components are 6.6 + 0.4 X 10-° and 8.7 + 0.5 X 10-5 cm/? per sec. per 
volt respectively. The mobility of the slow component is almost identical 
to that of the untreated hormone.? By varying the time of treatment, it 
was observed that the amount of the fast component increases with the 
time of treatment at the expense of the slow fraction. The rate of con- 
version depends upon the conditions of treatment. Table VIII gives the 
time required to obtain a 50 per cent conversion to the fast fraction when 
the hormone has been subjected to various conditions of treatment. 
Under at least one condition of treatment (pH 9.4 at 25°) the biological 
activity is found chiefly in the slow moving component, as demonstrated 


? When a sample of AcOH-treated hormone was mixed with a known quantity of 
the native hormone and submitted to electrophoresis, the concentration of the S 
component was estimated to increase in proportion to the amount of added native 
hormone, and no additonal component was observed. 
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by the partial electrophoretical separation of the fast and slow fractions. 
Table VIII indicates that in some cases 50 per cent conversion to the fast 
fraction results in inactivation, but not in others. This may mean that 
in some cases it is the fast fraction which may possess the growth-promoting 
activity. It is clearly demonstrated that, even when over 70 per cent of 
the protein appears in the F component, as was observed to be the case 
with the hormone in solution in 0.1 N NaOH at 25° for 3 hours (Table IV), 
this does not necessarily cause the biological potency to decrease. On the 
other hand, a comparatively mild treatment (0.1 N acetic acid solution at 
0° for 24 hours) induces the formation of only 27 per cent of the F fraction 
and at the same time produces a significant lowering of hormonal activity. 
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Fig. 5. The disappearance of the S component after the hormone has been treated 
in a buffer of pH 9.4 at 25°, as a function of time. 


During the process of the “denaturation” of proteins, an increase of 
electrophoretic mobility and a shift of isoelectric point have been repeatedly 
observed (6). Heidelberger and Pedersen (7) found that thyroglobulin 
which had been allowed to stand in a solution at pH 4.1 gave a fast moving 
component in addition to the original slow moving component when ex- 
amined in electrophoresis. The isoelectric point of the denatured thyro- 
globulin is at pH 5.0, which is about 0.5 of a pH unit higher than the 
native protein hormone (7). Briggs and Hull (8) studied in some detail 
the kinetics of heat denaturation of 8-lactoglobulin, by electrophoresis, 
and observed that denaturation causes a marked increase in electrophoretic 
mobility with an accompanying increase in particle weight. It was further 
noted that the rate of formation of the fast fraction from the native protein 
depends upon pH and temperature. Our studies with somatotropin, herein 
reported, have given results which are strongly reminiscent of the results 
obtained by these investigators. 

Inspection of the data recorded in Tables I, III, IV, and V reveals that 
the rate of conversion of S to F components cannot be fitted into a definite 
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order of reaction, except in the case of treatment with a buffer of pH 9.4. 
It may be seen in Fig. 5 that time plotted against the logarithm of the rate 
of disappearance of the S component gives a straight line relationship. 
This indicates that the changes follow the rate law of the first order, as 
protein denaturation frequently does (6). 

Although somatotropin is known to be a thermolabile substance (9), 
it is somewhat surprising to find that the hormone is unstable under such 
mild conditions as those herein reported. There is little doubt that both 
dilute and glacial acetic acid can produce changes in the electrophoretic 
behavior of the native hormone protein, as well as a lowering of the growth- 
promoting potency of somatotropin. Hence, if the high potency of the 
native hormone is to be retained, it is necessary to perform the extraction 
of the pituitary tissue and the subsequent steps in the fractionation proce- 
dure at or near 0°. Moreover, in order to prevent possible denaturation 
of the somatotropin molecule, it is advisable to avoid any unnecessary de- 
lay in carrying out the whole isolation procedure. 


SUMMARY 


Growth hormone (somatotropin) isolated from ox anterior pituitary 
glands and treated under various conditions has been investigated with 
respect to electrophoretic behavior and growth-promoting activity. In 
every case studied, two distinct electrophoretic components were found, 
one with a mobility 1.3 times higher than the other. The slow component 
(S) possesses a mobility very close to that of the native hormone. The 
fast component (F) resulting from one condition of treatment (pH 9.4; 
25°) has an isoelectric point at pH 7.3, which is 0.7 pH unit higher than 
that of the S fraction; the F component, after partial electrophoretic sepa- 
ration, was shown to be devoid of growth-promoting activity. There was 
not always a correlation between the amount of the F component and the 
loss of biological activity, however. The rate of formation of the F frac- 
tion from native somatotropin is dependent upon temperature, pH, and 
the particular solvent employed. 
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S-ADENOSYLMETHIONINE; A NEW INTERMEDIATE 
FORMED ENZYMATICALLY FROM t-METHIONINE 
AND ADENOSINETRIPHOSPHATE* 


By G. L. CANTONI 


(From the Department of Pharmacology, School of Medicine, Western 
Reserve University, Cleceland, Ohio) 


(Received for publication, March 23, 1953) 


It is now well established that ATP" plays an essential réle in the trans- 
methylation reactions which utilize methionine as the methyl donor (1, 2). 
Evidence has already been presented which indicates that the need for 
ATP is related to the activation of methionine (3) and it has been sug- 
gested that this activation is a prerequisite for the transfer of the methyl 
group of suitable methyl acceptors (4). The reaction catalyzed by the 
methionine-activating enzyme is described as follows: 


(1) t-Methionine -+ ATP 





7 active methionine + 3IP 

AMe, unlike methionine itself, is characterized by the ability to function 
as a methyl donor in the absence of ATP, or other energy-rich phosphate 
compounds. 

This communication deals mainly with the chemical nature of AMe. 
The active intermediate has been prepared enzymatically, partially puri- 
fied and characterized chemically; tentatively it has been assigned the 
structure shown in Fig. 1. The compound, which may be referred to as 
S-adenosylmethionine, can be described as an addition product of methi- 
onine and the adenosine moiety of ATP. 

The evidence upon which the formulation of the structure of AMe is 
founded can be summarized as follows: (a) when methionine-S** was used 
as substrate in Reaction 1, the active intermediate formed contained the 
radioactive isotope; likewise, use of methionine-2-C" yielded AMe labeled 


* Fourth paper of a series on enzymatic mechanisms in transmethylation. Aided 
by grants from the Williams-Waterman Fund for the Combat of Dietary Diseases of 
the Research Corporation of New York and the American Cancer Society (recom- 
mended by the Committee on Growth of the National Research Council). 

Presented in part at the Forty-third annual] meeting of the American Society of 
Biological Chemists, New York, April, 1952 (Federation Proc., 11, 330 (1952)). A 
preliminary account of part of this work has been published (J. Am. Chem. Soc., 74, 
2942 (1952)). 

1 The following abbreviations are used: ATP, adenosinetriphosphate; IP, ortho- 
phosphate; GSH, reduced glutathione; AMe, active methionine, i.e. S-adenosyl- 
methionine; BAL, dimercaptopropanol; XO, xanthine oxidase. 
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with C™; (b) the absorption spectra of AMe and adenylic acid are almost 
identical; on this basis AMe has been assigned an extinction coefficient 
equal to that of adenylic acid; (c) on the basis of the proposed structure 
the molar ratios of adenine-pentose-labile methyl group would be 1:1:1; 
for each mole of adenine, AMe was found to contain 0.8 mole of pentose 
and 0.78 mole of labile methyl group (thus, the purified preparations of 
AMe can be regarded as at least 80 per cent pure in terms of their adenine 
content); (d) adenine, homoserine, and a third fragment containing sulfur 
but not yet completely identified were obtained from S-adenosylmethionine 
by acid hydrolysis (adenine was identified among the hydrolysis products 
by means of paper and ion exchange chromatography and by enzymatic 
methods; homoserine was identified by paper chromatographic techniques) ; 
(e) it could be shown, both spectrophotometrically and enzymatically, that 
after treatment with nitrous acid the purine base in AMe was changed 
from adenine to hypoxanthine. 





2 Biot 
wy an fe ‘ 
N= C — N-CH-CH(OH)— CH(OH)— CH— CH>- S—CH>CH>CH (NH, )- co0- 
fe) CH, 


Fia. 1. Tentative structure of S-adenosylmethionine 


Experimental evidence has been obtained in support of the hypothesis 
that AMe has the configuration of a sulfonium compound. Before this is 
reviewed it might be pointed out that the formulation shown in Fig. 1 
places renewed emphasis on the concept that the methyl-donating ability 
of a compound is related to the presence in its molecule of a methyl group 
attached directly to an onium pole. This relationship was first suggested 
on theoretical grounds by Toennies (5) and later placed on a sound experi- 
mental basis by Maw and du Vigneaud (6). More recently an analysis 
of the energetics of transmethylation reactions in general (7) led to the 
tentative conclusion that the bond between a methyl group and an onium 
pole is energy-rich and it may be assumed, therefore, that this is the cause 
for the lability of the methyl groups in methyl-onium compounds. 

Experimentally it was found that at pH 7.8 S-adenosylmethionine mi- 
grated as a cation when subjected to electrophoresis on filter paper. Like- 
wise, experiments with ion exchange resins indicated that the compound 
behaved as a strong base. Furthermore, earlier observations (4), which 
indicated that the L-amino acid oxidase of snake venom is not capable of 
oxidizing active methionine, now can be interpreted more fully. On the 


basis of the studies of Zeller and Maritz (8) and of Singer and Kearney ( 9), 
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it is thought that only those amino acids which possess the structure of a 
dipole ion with charges closer together, R—CHNH;+—COO,, are attacked 
by L-amino acid oxidase. Amino acids such as lysine, arginine, and others 
whose dipolar structure at neutral pH is characterized by a wide separa- 
tion between the charged groups are not subject to oxidation by this 
enzyme. In line with these structural requirements it was found that the 
methyl sulfonium derivative of methionine was not attacked by L-amino 
acid oxidase (7). The structural similarity of this compound (S-methyl- 
methionine) to that of active methionine (S-adenosylmethionine) is ap- 
parent immediately. The significance of these observations was reinforced 
by the finding that methionine itself was normally oxidized by the enzyme 
in the presence of either active methionine or of S-methylmethionine. 

The assumption that the linkage between methionine and the adenosine 
moiety of ATP takes place at the sulfur atom of methionine rests on the 
results of the experiments on acid hydrolysis of active methionine. More- 
over, it may be recalled that in 1924 Suzuki, Odake, and Mori (10) isolated 
from yeast a sulfur-containing nucleoside and suggested that it was 5’-thio- 
methyladenosine. More recently this compound has been synthesized in- 
dependently in two laboratories (11, 12). The synthetic work confirmed 
beyond doubt that the sulfur-containing nucleoside of yeast is identical 
with 5’-thiomethyladenosine, thus answering the criticism of Levene and 
Sobotka (13). The finding that AMe contains adenine, pentose, and methi- 
onine immediately suggested a relationship to adenine thiomethylribose, 
and it appeared reasonable to propose that the yeast nucleoside was de- 
rived from AMe by cleavage of the bond between the sulfur and the y-car- 
bon atoms. Indirect evidence in support of this possible relationship has 
been provided quite recently by the important observations of Smith 
and Schlenk (14) that the —SCH; group in adenine thiomethylribose is 
derived from methionine. Similar results have also been reported by Wey- 
gand et al. (15). Furthermore, it was ascertained recently by Baddiley 
and Cantoni? that upon hydrolysis at pH 6.0 and 100° AMe breaks down 
chemically to adenine thiomethylribose and homoserine. 

While final proof for the correctness of the proposed structure can only 
be obtained through the synthesis of S-adenosylmethionine, it is thought 
that the evidence presented, together with the above considerations, affords 
considerable support for the structure proposed for AMe. 

The exact enzymatic mechanism whereby active methionine is formed 
is not yet understood. Undoubtedly the mechanism described by Reac- 
tion 1 is an oversimplification and investigations which are underway in 
this laboratory are directed towards the elucidation of the activation proc- 


ess. 


2 Baddiley, J., Cantoni, G. L., and Jamieson, G. A., in press. 
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EXPERIMENTAL 


Enzyme Preparations—The methionine-activating enzyme was prepared 
from rabbit liver. Rabbits were killed by air embolism and the liver re- 
moved quickly, rinsed with cold water, and homogenized with 2 volumes 
of cold 0.1 m acetate buffer, pH 5.6. After centrifugation at 10,000 r.p.m. 
for 30 minutes in the cold, the clear, hemoglobin-tinged supernatant fluid 
was decanted and fractionated by means of ammonium sulfate. The frac- 
tion which precipitated between 34 and 48 per cent saturation was collected 
and used directly, or stored as an ammonium sulfate paste at —25°. Be- 
fore use, the ammonium sulfate paste was dissolved in a small volume of 
cold 0.1 m phosphate buffer, pH 6.4, and dialyzed for 3} hours against 
running 0.02 m phosphate buffer, pH 6.4. The precipitated inactive pro- 
tein was removed and the clear supernatant fluid was used for the prepara- 
tion of AMe. The ammonium sulfate paste was stable for several weeks 
when stored at —25°. 

The activity of the enzyme was measured as described earlier (3). Like 
the enzymes from pig and rat liver described earlier, the enzyme from 
rabbit liver is dependent on the presence of —SH compounds and Mgt+ 
for optimal activity. The requirement for Mg* is unusually high and a 
concentration of 0.2 m is required for maximal activity. Guanidinoacetic 
acid methylpherase was prepared as described by Vignos and Cantoni (16). 
Nicotinamide methylpherase was obtained from pig liver and partially 
purified by a procedure outlined earlier (4). Xanthine oxidase prepared 
according to Kalckar (17) was generously supplied by Dr. G. R. Greenberg. 
t-Amino acid oxidase was obtained from dried water moccasin venom. 

Preparation of Active Methionine—AMe was prepared enzymatically by 
incubating Lt-methionine and ATP with the methionine-activating enzyme 
of rabbit liver. 

In a typical preparatory run 400 uM of L-methionine and 320 um of ATP 
were incubated with 125 units of methionine-activating enzyme at 37° in 
a large Warburg flask in an atmosphere of 95 per cent N2-5 per cent CO»; 
BAL was used to satisfy the requirement for an —SH compound; MgCl, 
(0.30 m) and NaHCO; (0.025 m) were also added. The course of the reac- 
tion was followed by measuring the formation of orthophosphate. At the 
end of the incubation (5 hours) the reaction was stopped by addition of 
1/15th volume of 100 per cent trichloroacetic acid and the precipitate was 
removed by centrifugation. The clear supernatant fluid was then made 
0.05 nN with respect to HCl and extracted three times with 2 volumes of 
ether in a separatory funnel. After removal of the excess ether under 
reduced pressure, the solution was neutralized with 2 n KOH, care being 
taken to avoid overneutralization. A fairly voluminous precipitate was 
removed by centrifugation in the cold. The pH of the clear supernatant 
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fluid was checked and, if necessary, adjusted to 7.0. To remove mag- 
nesium ions, sodium pyrophosphate was used and approximately three- 
fourths of the calculated amount of sodium pyrophosphate (0.2 m solution) 
was added with good mechanical stirring. After removal of the bulky 
precipitate small additional amounts of sodium pyrophosphate were added 
gradually to the supernatant fluid until the removal of Mg++ was complete. 
The pH of the supernatant fluid was brought to 7.6 with 2 nN KOH and 4 
volumes of ethanol plus 1.0 m barium acetate (0.05 cc. per mg. of phosphate) 
were added. After 3 to 16 hours at 2°, the precipitate was removed, the 
supernatant fluid was adjusted to pH 5 with HCl, and the volume reduced 
to 15 to 20 cc. at 30° and 20 mm. of Hg. The solution was then freed of 
barium with potassium sulfate. The final yield of AMe varied between 
100 to 150 um for each 400 um of methionine used under the conditions 
specified above. The total quantity of active methionine formed was 
larger, but losses were encountered in the purification procedure due, in 
part, to adsorption of AMe on the magnesium phosphate and magnesium 
pyrophosphate precipitates. 

Paper Chromatography—For further investigation of the chemical nature 
of AMe the preparation thus obtained was purified by means of paper 
chromatography. It was found in preliminary experiments that, when 
pL-methionine-S** was added to the reaction mixture described for the 
preparation of AMe, the intermediate was labeled with S**. Thus, the 
task of separating active methionine from the residual methionine and 
other contaminants became greatly facilitated. AMe-S**, prepared as de- 
scribed, was applied as a continuous band to one or more large sheets of 
Whatman No. 1 paper. The amount applied was not found to be critical; 
it was important, however, to keep the band narrow and of uniform width 
and this was accomplished by applying 0.005 cc. per each 0.5 cm. and 
repeating the application after the paper had dried. The large sheets were 
subjected to descending chromatography with 80 per cent ethanol-5 per 
cent glacial acetic acid. After development for 17 hours, the paper sheet 
was allowed to dry in a current of air for 2 to3 hours. Next, a strip 20 mm. 
wide was cut lengthwise from the paper sheet, lined off, and cut into con- 
secutively numbered sections 1 cm. long, and the radioactivity of each 
section was determined as described by Greenberg (18). After counting, 
each strip was placed in a test-tube and eluted with 3.0 cc. of H,O for 3 
hours at room temperature with occasional shaking. The ultraviolet ab- 
sorption at 260 my was then determined for the eluate of each strip. Typi- 
cal results for such an experiment are shown in Fig. 2. Three main radio- 
active peaks were observed. The radioactive component with the smallest 
R, was recognized as AMe by examination of its activity as a methyl donor 
in either tht nicotinamide or the guanidinoacetate methylpherase system. 
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The fastest moving component was identical with methionine. ‘The third 
component, with an Ry of 0.55, has not been identified conclusively. It 
is thought to be a decomposition product of AMe, but it is not a methyl 
donor. It can be seen from Fig. 2 that there is satisfactory correlation 
between absorption in the ultraviolet and S* activity in the AMe peak. 
The procedure just described was used for precise localization of AMe on 
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Fig. 2. Paper chromatography of adenosylmethionine-S#*, The solvent was 80 
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violet absorption at 260 my (shaded boxes) are indicated. 




















the paper and for quantitative studies. For preparative purposes the 
AMe band was located on the paper sheet by direct examination with an 
ultraviolet lamp (Mineralight) having a high emission in the region of 240 


to 260 mu. The AMe band was then cut out and the AMe was eluted by | 
descending chromatography with water as the solvent. The AMe eluates | 


were then concentrated to a small volume under reduced pressure and the 
preparations thus obtained were used for all the experiments described in 
this paper. 

Results entirely comparable to those just described were obtained when 
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methionine-2-C“ was employed in the preparation of AMe. It was found, 
moreover, that AMe could be located on the paper chromatogram also by 
spraying the paper with a solution of 1 per cent ninhydrin in Nn butanol 
saturated with 5 per cent KH,PO, and heating at 100° for 5 minutes. The 
delineation of the ninhydrin-positive area (blue-gray in color) agreed very 
satisfactorily with the areas of radioactivity and ultraviolet absorbancy. 
The AMe eluates reacted in typical fashion when treated with ninhydrin 
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Fic. 3. Absorption spectra of S-adenosylmethionine (©) and adenylic acid (@) 


according to the method of Moore and Stein (19) and the hydrindantin 
derivative had an absorption spectrum with a maximum at 570 mu. 

Ultraviolet Absorption of Active Methionine—The ultraviolet absorption 
spectrum of AMe eluates is shown in Fig. 3. It can be seen that it is 
identical with that of adenylic acid. Preliminary, qualitative tests indi- 
cated also the presence of pentose in this preparation. Tentatively, a 
molar extinction coefficient of 16,000 has been assigned to AMe. 

With adenylic acid as a standard and a heating time of 45 minutes, the 
pentose content was determined and related to that of adenine. It was 
found that for each mole of adenine the equivalent of 0.78 mole of pentose 
was present (Table I). 


In addition, it was of interest to relate the labile methyl group content 
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of the preparation to the adenine content. In order to do this AMe was in- 
cubated with guanidinoacetate and a preparation of guanidinoacetate meth- 
ylpherase obtained from pig liver. The reaction was allowed to go to com- 
pletion and the creatine formed was determined by the Jaffe alkaline picrate 
method after absorption on and elution from Lloyd’s reagent (20). The 
results listed in Table I show that 0.8 mole of creatine was formed for 

















TABLE [ 
Molar Ratios of Adenine-Labile Methyl Group-Pentose in S-Adenosylmethionine 
| Molar ratio 
Experiment Adenine Labile methyl groups* Pentose 6) ©) 
c 
(a) (6) (c) (a) (a) 
uM pM uM For. — 
A 0.23 0.175 0.76 
0.46 0.36 0.78 
0.69 0.55 0.79 
B 0.133 | | 0.1066 0.80 
0.17 | | 0.134 0.79 











* Determined enzymatically as creatine (17). 











TABLE II 
Paper Chromatography of AMe before and after Acid Hydrolysis 
Rr values 
Solvent —— 
AMe* After hydrolysis* Adenine* 
A 0.04 0.55 0.545 
B 0.756 0.56 0.56 
C 0.13 | 0.55 | 0.55 








Solvent A, n-butanol-acetic acid-water, 5:1:4; Solvent B, isoamy] alcohol-5 per 
cent KH2POQ,; Solvent C, ethanol 80 per cent-acetic acid 5 per cent. 
* Located by means of its ultraviolet absorption. 


each mole of adenine. The most satisfactory interpretation of these results 
suggests that AMe contained 1 mole of pentose and 1 mole of labile methy] 
group for each mole of adenine; on the basis of these results the preparation 
of AMe was considered 80 per cent pure in terms of its adenine content. 
Acid Hydrolysis of Active Methionine—It is characteristic of adenine 
ribosides that the glycosidic linkage is cleaved by hydrolysis in dilute acid 
with the liberation of adenine and ribose or a ribose-containing moiety (21). 
Several micromethods are available for the identification of the liberated 
adenine. Table II shows that hydrolysis of AMe in 0.5 n HCl for 120 
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minutes yielded an ultraviolet-absorbing compound which, when analyzed 
by paper chromatography in different solvent systems, had a migration 
rate similar to that of adenine. 

Further identification of the adenine was sought by using ion exchange 
resins, according to the technique introduced by Cohn (22) for the separa- 
tion of nucleotides, nucleosides, and purine bases. A solution containing 
9 um of hydrolyzed AMe was diluted with water and NH,OH-NH.Cl 
(pH 10.6) until it was 0.2 m with respect to buffer and less than 0.025 m 
with respect to chlorides. This solution was applied to a Dowex 1 column 
(1 cm. in diameter X 2 cm.) at a flow rate of 2 cc. per minute, followed by 
a buffer of the same pH and ionic strength, and the effluent collected in a 
10 cc. fraction. The ultraviolet absorption at 260 mu of each fraction was 
determined. No ultraviolet-absorbing material appeared in the first 500 
cc. of effluent; the pH of the eluting solution was then lowered to 10.0 
and the Cl concentration raised to 0.1 m. After three 10 cc. fractions a 
compound which absorbed in the ultraviolet appeared in the effluent; this 
accounted for 90 per cent of the total ultraviolet-absorbing material. 
The mobility exhibited by the ultraviolet-absorbing material present in a 
hydrolyzed solution of AMe was identical to that exhibited by an authentic 
sample of adenine. 

It appeared desirable to supplement the evidence obtained with these 
two chromatographic procedures by application of the recent study of Kle- 
now (23) on the oxidation of adenine by XO. The product of this oxida- 
tion, 2,8-dihydroxyadenine, has a characteristic ultraviolet spectrum. 
Fig. 4 shows that the treatment of acid hydrolysates of AMe with XO 
results in significant changes in the ultraviolet absorption spectrum. 
Curve 1 (before oxidation) has the contour characteristic of compounds 
belonging to the adenine series; Curve 2, obtained after incubation for 90 
minutes with XO at pH 7.1, is very similar to the spectrum of 2 ,8-dihy- 
droxyadenine with a characteristic peak at 305 my. On the basis of the 
results of this experiment, as well as the evidence derived from the paper 
and ion exchange chromatography, there can be little doubt that treat- 
ment of AMe with acid liberates adenine as one of the hydrolysis products. 

Chromatography on paper of the acid hydrolysates of AMe also led to 
the identification of homoserine as another breakdown product. As stated 
above, AMe reacted with ninhydrin both on paper chromatograms and 
after elution therefrom. As reported earlier (4), however, AMe was not 
oxidized by the L-amino acid oxidase of snake venom. However, acid 


5 XO acts relatively slowly on adenine and a very large excess of enzyme is re- 
quired for complete oxidation. With the enzyme preparation used and by keeping 
the incubation time reasonably short, it has not been possible to obtain the com- 
plete oxidation either of adenine or of hydrolyzed AMe. 
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hydrolysis of AMe methionine caused the appearance of a ninhydrin-react- 
ing compound which behaved as an amino acid because it could serve as a 
substrate for L-amino acid oxidase. Analysis of the nature of this frag- 
ment by means of paper chromatography indicated that it was not methi- 
onine. Furthermore, after hydrolysis of AMe-S*, the amino acid was not 
radioactive; on the other hand, when methionine-2-C™“ was hydrolyzed, 
the amino acid contained the radioactive isotope. This suggested that 
acid hydrolysis brought about cleavage of the bond between the y-carbon 
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Fia. 4. Identification of adenine in S-adenosylmethionine hydrolysates by en- 
zymatic oxidation to 2,6-dihydroxyadenine. Curve 1, S-adenosylmethionine hydrol- 
ysates; Curve 2, same after addition of xanthine oxidase; for details see the text. 


and the sulfur atom in AMe. The two compounds which had to be re- 
garded as the most obvious possibilities for the products of this cleavage 
were a-aminobutyric acid and a-amino-y-hydroxybutyric acid (homoser- 
ine). These two amino acids and the hydrolysis product of active methi- 
onine after neutralization were chromatographed on paper with different 
solvent systems. With the ethanol-acetic acid system (see above) the 
Ry values of a-aminobutyric and homoserine were 0.55 and 0.39, respec- 
tively. The ninhydrin-reacting compound generated by acid hydrolysis 
of active methionine had an R, of 0.385, practically identical to that of 
homoserine. 

With butanol-glacial acetic acid-water (4:1:5) (24), the Rr values of 
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a-aminobutyric acid, homoserine, and of the amino acid formed by the 
hydrolysis of methionine were 0.375, 0.210, and 0.195, respectively. It 
appeared possible that the difference between authentic homoserine and 
the unknown amino acid in this system might be due to the influence of 
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Fig. 5. Paper chromatography of adenosylmethionine-2-C' after (A) and before 
(B) treatment with nitrous acid. See the text for details. The solvent was 80 per 
cent ethanol-5 per cent acetic acid. 


the salt content of the hydrolyzed active methionine solution. To compen- 
sate for this factor the hydrolyzed active methionine was applied to a filter 
paper strip over a band 5 em. long; after drying, a solution of homoserine 
Was superimposed upon a portion of the band and, in turn, allowed to dry. 
The paper was then chromatographed in the butanol-acetic acid system 
and the location of the amino acid visualized with ninhydrin. A single 
colored band was obtained and it was clearly visible that homoserine deep- 
ened the pink-violet coloration produced by the ninhydrin reagent. 
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Elution of homoserine from the chromatogram has proved difficult owing 
to low recoveries, a difficulty also experienced by other investigators (25). 

The nature of the other fragment or fragments formed from AMe by acid 
hydrolysis is not known with certainty. 

Deamination of Active Methionine—It is possible to remove the amino 
group of adenine and 9-adenine ribosides by treatment with nitrous acid 
(26). The ultraviolet absorption of compounds belonging to the deamino 
(hypoxanthine) series differs markedly from that of compounds of the 
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Fic. 6. Absorption spectra of deamino active methionine (O) and hypoxanthine 
5’-thiomethylpentose (@). 


parent (adenine) series; specifically, the maximal absorption peak shifts 
to 249 from 260 my, and the molecular extinction coefficients are decreased 
by about 24 per cent. Glacial acetic acid (0.3 cc.) and NaNO, (70 mg.) 
were added to 1.5 cc. of a solution of active methionine-2-C" containing 
8.25 um of AMe. The reaction was allowed to proceed at room tempera- 
ture, with frequent shaking, for 2 hours when it was terminated by addition 
of 2 cc. of 2 0.5 m solution of ammonium sulfamate. After 60 minutes at 
room temperature, the solution was diluted to 8 cc. with water, made 0.05 
N with respect to HCl, and extracted for 8 hours with ether in a continuous 
extractor. The water phase was then freed of excess ether by aeration 
with a stream of nitrogen and the volume reduced to 1.5 cc. A portion of 





Vina 


th 
ru 
At 
tre 
fre 
fa: 
fr: 
til 


sO 
pe 
pl 


W 
th 


to 


of 
sy 
pe 
ac 


di 


as 


d). 
id 


ote) 


no 
he 


rine 


ifts 
sed 
ng.) 
ling 
era- 
tion 
s at 
0.05 
10Us 
tion 
n of 





G. L. CANTONI 415 


this solution was then chromatographed as usual and untreated AMe was 
run simultaneously on the same sheet of paper for purposes of comparison. 
The results are shown in Fig. 5 and it can be seen that the nitrous acid- 
treated sample separated into three radioactive fractions: (a) a slow moving 
fraction (Rr 0.23) which represents unchanged active methionine, (b) a 
fast moving fraction (?» 0.69) the nature of which is unknown, (c) a main 
fraction (Rr 0.33). A chromatogram of untreated AMe, run at the same 
time, is also shown in Fig. 5, B. 

After elution from the paper, the main fraction had an ultraviolet ab- 
sorption spectrum very similar to that of synthetic hypoxanthine thio- 
methylribose (Fig. 6). In addition, it was found that the molar ratios of 
pentose to S** to purine base were essentially the same as those in AMe. 
Further proof that nitrous acid had brought about the conversion of the 
purine base of AMe to hypoxanthine was obtained in an experiment in 
which the acid hydrolysis of deamino AMe was followed by oxidation of 
the liberated hypoxanthine to uric acid with XO. The spectrophotometric 
changes observed were those expected for this oxidative reaction (27). 


Methods and Materials 


ATP was purchased as the disodium salt from the Pabst Laboratories, 
Milwaukee, pi-methionine-S** was purchased from the Abbott Labora- 
tories, and pi-methionine-2-C™ from Tracerlab, Inc. 

The author is deeply indebted to Dr. R. McRorie for a generous supply 
of methionine sulfonium methyl iodide, to Dr. J. Baddiley for the gift of 
synthetic adenine 5’-thiomethylpentose and hypoxanthine 5’-thiomethyl- 
pentose, and to Dr. K. Makino for making available a sample of crystalline 
adenine 5’-thiomethylpentose prepared from yeast. 

Orthophosphate was determined by the method of Lohmann and Jen- 
drassik (28). Pentose was determined as described by Mejbaum (29). 


SUMMARY 


1. The chemical nature of the active methyl donor formed enzymatically 
from methionine and adenosinetriphosphate has been investigated. The 
active intermediate has been tentatively identified as methyl(5-desoxyribo- 
syladenine) (2-aminobutyro)thetin. 

2. The preparation and partial purification of S-adenosylmethionine, 
as the new compound may be referred to, are described. 

3. The theoretical basis, as well as the biochemical significance of the 
sulfonium configuration in S-adenosylmethionine, has been discussed. 


It is a pleasure to thank Dr. G. R. Greenberg for many helpful sugges- 
tions, particularly in connection with the experiments with paper chroma- 
tography, and Mr. Robert Vaughn for competent technical assistance. 
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THE RESPONSE OF LEUCONOSTOC MESENTEROIDES P-60 TO 
SOME COMPOUNDS RELATED TO LYSINE 
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The bacterium, Leuconostoc mesenteroides P-60, is commonly used in the 
assay of lysine (1,2). In view of this fact, it is useful to know how specific 
or selective the organism is for this purpose. It is known that some or- 
ganisms can dispense with lysine if related metabolites are provided. For 
example, both a-aminoadipic and a-amino-e-hydroxycaproic acids satisfy 
the lysine requirements of some Neurospora mutants (3, 4), and diamino- 
pimelic acid can be substituted for lysine in the nutrition of a certain 
strain of Escherichia coli (5). 

In addition, it is of potentially broader interest to explore the possibility 
that compounds related to lysine in structure might serve as lysine an- 
tagonists.'_ In a previous investigation it was found that a homologue of 
lysine, e-C-methyllysine, could in high dilution inhibit the utilization of 
lysine by both L. mesenteroides and Streptococcus faecalis (7). This study 
has now been extended to include several other compounds analogous or 
otherwise related to lysine, and the results obtained are the subject of this 
report. 


EXPERIMENTAL 


The microorganism, L. mesenteroides P-60, ATCC 8042, was employed 
in the tests except as otherwise noted. The ability of various compounds 
to substitute for lysine in the nutrition of, or to inhibit the utilization of, 
lysine by L. mesenteroides was tested as previously described (7). The 
results of the growth and inhibition tests are summarized in Table I. 

2 ,6-Diamino-3 ,5-dimethylhexanoic acid dihydrochloride (8 ,5-dimethyl- 
lysine dihydrochloride) (m.p. 225-228° uncorrected) was prepared from 
6-benzoylamino-2-bromo-3 , 5-dimethylhexanoic acid (8) by treatment with 
ammonia followed by hydrolysis (7). Calculated, for CsH2»O.N2Cle, C 
38.85, H 8.16, N 11.35; found, C 38.60, H 8.20, N 11.4. 

A test for inhibitory action of e-C-methyllysine on Staphylococcus aureus 
was carried out essentially as described by Sherwood et al. (9). Approxi- 
mately 1 mg. quantities of e-C-methyllysine dihydrochloride were placed 


on 4 inch diameter sterile filter paper disks and moistened with sterile 


1 The synthesis of such compounds was begun in 1940 (6, 7). 
417 
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water. The disks were then placed on the surface of potato-glycerol-agar 
in Petri dishes, previously inoculated with S. aureus. Similar disks were 
prepared with lysine dihydrochloride. Both series showed growth in- 
hibition around the disks to a distance of } inch in 24 hours. However, 
the clear halos were acid when tested with the glass electrode (pH 3.85 to 
4.85). The rest of the agar plate (pH 5.0 to 5.1) showed good growth. 
The experiment was repeated, except that to each disk containing the 
hydrochlorides was added a drop of sodium hydroxide solution of such a 
concentration as to neutralize the excess hydrochloric acid and to give a 
resulting pH of 7 to 8.5. Neither the lysine nor its homologue produced 
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* The following compounds were tested and were found neither to support growth 
in lieu of lysine nor to inhibit growth in the presence of lysine: a-aminoadipic acid, 
a,a’-diaminopimelic acid, homolysine, ornithine, e-chloroacetyl-t-lysine, e-benzoyl- 
pu-lysine, e-benzoyl-C-methyllysine, 2-(4’-piperidy])-1-aminopropionyl-p-aminoben- 
zoic acid, and 8,4-dimethyllysine. Of these, homolysine, ornithine, e-chloroacety]- 
L-lysine, and e-benzoyl-pi-lysine were tested for and showed no synergism with 
lysine. 

t See Fig. 1. 


any inhibition of growth under this condition, showing that the previous 
inhibition had been entirely due to the low acidity. 

Incidental observations were made in the present study on the effect of 
e-C-methyllysine on the multiplication of tobacco mosaic virus, and on the 
growth of the PR8 strain of influenza virus in the chick embryo. The test 
with tobacco mosaic virus was made on young excised bean leaves which 
were freshly inoculated and floated in Petri dishes on solutions of the chem- 
ical to be tested. In the case of influenza virus, graded amounts of the 
chemical to be tested were introduced into 10 day-old chick embryos im- 
mediately following inoculation with 10 to 100 infectious doses of virus. 
After incubation at 37° for about 42 hours, the embryos were chilled and 
the allantoic fluids were harvested and tested for virus by the customary 
test with chicken erythrocytes (10). 
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RESULTS AND DISCUSSION 


From the results summarized in Table I, it appears that L. mesenteroides 
is not only incapable of using per se in growth the compounds listed but is 
unable to convert compounds related to lysine into lysine. Even various 
polylysines and N-substituted lysines such as benzoyllysine and chloro- 
acetyllysine were not utilized for growth. It is possible, of course, that 
some lysine peptides can be utilized by L. mesenteroides, since only the 
polylysines were available for testing in the present experiments; it has 
been shown that the organism can use peptides of certain other amino 
acids as well as the corresponding free amino acids (11-13). In general, 
however, it can be concluded that the growth response of L. mesenteroides 
to lysine is highly specific, and hence that the organism is an excellent one 
for the lysine assay. 

Five of the compounds tested (including three polylysines) inhibited the 
utilization of lysine by L. mesenteroides. As shown in Fig. 1 and in Table 
I, e-C-methyllysine and the two highly polymeric polylysines severely inhib- 
ited utilization of lysine, whereas the low molecular weight polylysine and 
the 2-(4’-piperidyl)-l-aminopropionic acid (8-4-piperidylalanine) showed 
only moderate inhibitory power under similar circumstances. It is pre- 
sumed that the basis for inhibition by the two amino acids is the same; 
namely, an ability to combine competitively with the enzyme system nor- 
mally involved in lysine metabolism coupled with a failure to be used in 
protein synthesis. (It seems likely that the sole function of lysine is in 
protein formation (14).) The probable nature of the inhibition by the 
polylysines is not indicated by these preliminary observations. It is not 
known whether the polymers can diffuse into bacteria or are adsorbed on 
the bacteria. 

The inability of the polylysines to support growth of L. mesenteroides 
when substituted for lysine is in agreement with the results reported by 
Becker and Stahmann (15), but the inhibition of growth caused by the 
polylysines in our experiments is in apparent contrast with their observa- 
tions. Since Becker and Stahmann did not give the details of their tests, 
it is possible that their conditions may have been quite different from ours. 
The piperidyl compound has been found by Harris and Work (16) to have 
slight antibacterial action against Streptococcus haemolyticus, S. aureus, 
and EF. coli; in the present experiments, the 2-(4’-piperidy]l)-1-aminopropi- 
onic acid had slight inhibitory action against L. mesenteroides (8-4-piperi- 
dylalanyl-p-aminobenzoic acid was inactive under the conditions tested). 

For a compound to be an inhibitor, the distance between the amino 
groups may have to be as in lysine; ornithine and homolysine are not in- 
hibitory, whereas e-C-methyllysine is. (The ionization constants of the 
terminal amino groups in ornithine, lysine, and homolysine are essentially 
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the same (17).) However, the dissociation of the terminal amino group 
may also be important since diaminopimelic acid did not inhibit growth of 
L. mesenteroides even though, like methyllysine (and 6-4-piperidylalanine), 
it has the proper distance between the amino groups. The terminal car- 
boxyl groups of diaminopimelic acid alter the dissociation of the e-amino 
groups (17). In the inhibitor e-C-methyllysine, the terminal amino group 
probably has essentially the same dissociation constants asin lysine.2 The 
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Fig. 1. Effect of the addition of compounds related to lysine on the growth of 
L. mesenteroides at the 8 y of lysine level. The titration counts (7) are proportional 
to the volume of alkali used and measure the acid produced by the organism. The 
acid produced is proportional to the growth of the organism in the range covered. 
Curve 1, level of growth of organism at 8 y of lysine; Curve 2, 2-(4’-piperidy])-1- 
aminopropionyl-p-aminobenzoic acid; Curve 3, 2-(4’-piperidyl)-1-aminopropionic 
acid; Curve 4, 15 unit polylysine hydrochloride; Curve 5, 83 unit polylysine hydro- 
chloride; Curve 6, e-C-methyllysine hydrochloride. 


failure of 8,6-dimethyllysine to act as an inhibitor may be due to chain 
branching; the dissociation constants of the amino groups are doubtless 
nearly equal to the corresponding groups in lysine. 

It is not surprising that e-C-methyllysine showed no antagonism to the 
growth of S. aureus, for it has been noted that structurally analogous com- 
pounds frequently are harmful only to organisms which require an external 
supply of the related metabolite as a nutritive essential (20). 


2 The pK’ values of the amino groups of 6-aminohexanoie acid and 6-aminohep- 
tanoic acid (18), obtained in the usual way (19) with a Beckman pH meter, were found 
to be 10.76 and 10.70 respectively. Hence the subterminal position of the amino 
group in e-C-methyllysine probably does not cause it to differ significantly in dis 
sociation constant from the terminal amino group of lysine. 
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No evidence for interference with virus multiplication was obtained in 
a few simple tests made with lysine homologues. Young excised bean 
leaves floated on approximately 0.2 per cent solutions of «-C-methyllysine 
or the benzoyl derivative showed no immunity toward tobacco mosaic 
virus, and treated and untreated leaves developed about the same number 
of viral lesions. In the case of influenza virus, the introduction of up to 
10 mg. of e-C-methyllysine per chick embryo failed to prevent virus multi- 
plication when introduced immediately following inoculation of the em- 
bryos with ten to 100 infectious doses of the PR8 strain of influenza virus. 

e-C-Methyllysine exhibited no toxic effect toward Blattella germanica 
(German roach) in a lysine-free diet nor any significant antagonistic inhi- 
bition for growth when added to a diet of amino acids including an equi- 
molar portion of lysine.* 


The tests with L. mesenteroides were made by Miss Theresa Litwin. 
The authors are indebted to Dr. J. P. Greenstein, Dr. J. I. Harris, Dr. 
E. Katchalski, Dr. C. S. Marvel, Dr. M. A. Stahmann, Dr. E. Windsor, 
and Dr. E. Work for generous samples of compounds related to lysine and 
to Professor P. Ark for helpful advice. 


SUMMARY 


A study was made of the response of Leuconostoc mesenteroides P-60 to 
some compounds related to lysine. None of the compounds tested was 
found to support growth when substituted for lysine. From this it was 
concluded that the growth response of L. mesenteroides to lysine is highly 
specific, and hence that the organism is an excellent one for the lysine as- 
say. e¢-C-Methyllysine and two highly polymeric polylysines were found 
to inhibit severely the utilization of lysine by L. mesenteroides, and a low 
molecular weight polylysine and 2-(4’-piperidyl)-l-aminopropionic acid 
showed moderate inhibitory power under similar circumstances. 

Incidental observations indicated that the e-C-methyllysine did not in- 


hibit multiplication of tobacco mosaic virus or of the PR8 strain of influ- 
enza virus. 
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The possible relationship between plasma levels of certain lipoproteins 
and the incidence of atherosclerotic lesions (1) has prompted study of the 
mechanisms controlling the concentration of lipoprotein classes in plasma. 
Previous workers have shown that administration of heparin can cause a 
change in the distribution of plasma lipoproteins of low density and the 
clearing of turbidity in lipemic plasma (2, 3). 

Studies (4, 5) in this laboratory in vitro have demonstrated the presence 
of an enzymatic system involving both tissue and plasma components, 
which catalyzes the transformation of large, low density lipoproteins into 
smaller lipoproteins of higher density. The over-all reaction can be broadly 
formulated as follows: 


(1) Plasma precursor protein + heparin + tissue factor — clearing factor 


sty ls : ‘ clearing fact 
(2) Low density lipoproteins + plasma coprotein Ene 


smaller low density lipoproteins + a: — lipoproteins 





This paper deals primarily with the nature of the second reaction and 
with the partial purification and properties of clearing factor and coprotein. 
The relation of changes in turbidity during the “clearing” reaction to the 
hydrolysis of ester linkages is also considered. 


Methods 


In the studies to be discussed below the clearing reaction has been fol- 
lowed, for the most part, by observing the rate of change of optical density 
at 500 my in the Coleman junior spectrophotometer. It has been shown 
previously (4, 5) that such changes parallel the more subtle changes in 
lipoprotein structure and physical properties revealed by ultracentrifugal 
analysis. For the purpose of characterization and purification of the pro- 
tein components involved, therefore, results obtained by the more con- 
venient turbidity method appear to be justified. Samples to be assayed 
for activity of the clearing factor were preincubated at 37° in 10 X 75 mm. 
cuvettes for 5 minutes before addition of lipoprotein or lipide emulsion sub- 
strate, also warmed to 37°. Washed alimentary lipemic serum lipoproteins 
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were prepared by layering serum under 0.15 m sodium chloride in plastic 
tubes, centrifuging at 80,000 X g in the model L Spinco centrifuge for 30 
minutes, and separating the top layer by a tube-slicing technique (6). 
These preparations were diluted with 0.15 m NaCl to a concentration such 
that 0.1 cc. in 0.9 cc. of 0.15 m NaCl gave an optical density of about 0.5. 
Coconut oil emulsions were generously supplied by Dr. Douglas Frost of 
the Abbott Laboratories as 0.5 per cent Tween 60-stabilized emulsions 
containing 11.1 per cent oil by volume. These emulsions were diluted to 
0.5 per cent with 0.9 per cent NaCl for use as substrate in the assay of 
clearing factor activity. In general, assays were carried out in the presence 
of saturating levels of ‘“‘coprotein” (see below). Reaction mixtures were 
diluted, when necessary, with 1:1 0.9 per cent NaCl-phosphate buffer 
(pH 7.2,7/2 = 0.1). When reaction products might have caused pH al- 
teration, the pH was measured after the incubation. 

The activity of esterase on 8-naphthyl laurate was determined by the 
method of Seligman and Nachlas (7), modified by the introduction of 
Cellosolve as the ester solvent and by cooling the tubes in an ice bath for 
5 minutes before adding the tetrazotized diorthoanisidine. Esterase ac- 
tivity on tributyrin was estimated by measuring the initial rate of change 
of pH. 

Esters were determined by the method of Hill (8) on extracts obtained 
by the method of Bauer and Hirsch (9). 

Protein concentrations are given in terms of dry weight by the method 
described by Lever et al. (10). 


EXPERIMENTAL 


Clearing Factor and Coprotein—Clearing factor is produced in vivo by in- 
jection of heparin into man, dogs, rats, pigs, or cows (the dosage of heparin 
going through an optimal level at about 1 to 3 mg. per kilo of body weight). 
Heparinoids, such as sulfurated polysaccharides or sulfonated synthetic 
polymers, will also produce clearing factor upon injection. The clearing 
factor activity of plasma withdrawn from such animals is stable for several 
weeks at 4°. As previously reported, clearing factor has the properties of 
a protein. It is non-dialyzable and is inactivated by chymotryptic diges- 
tion or heating to 60° for 5 minutes. When subjected to starch electro- 
phoresis at pH 7.2 by the method of Kunkel and Slater (11), clearing factor 
shows the electrophoretic mobility of an a;-globulin and migrates toward 
the positive electrode at pH 5.0 in acetate buffer. 

Clearing factor may be purified by conventional alcohol methods of 
plasma fractionation (12), falling into Fraction III-1,2,3. Both crude and 
purified clearing factors cause clearing of alimentary lipemic serum at a rate 
proportional to their concentration at low concentrations (4) and catalyze 
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the conversion of large lipoproteins into smaller low density lipoproteins 
and a-lipoproteins as determined ultracentrifugally (5). 

Washed lipoproteins, prepared from alimentary lipemic sera as described 
above, are not cleared by purified clearing factor unless normal plasma is 
added. The clearing of oil emulsions is also dependent on such addition. 
This additional required factor has been called coprotein (see Equation 1) 
and is found chiefly in alcohol Fraction III-0 of plasma (12). It sediments 
in the ultracentrifuge at a solvent density of 1.21 and is therefore presum- 
ably not a lipoprotein. Coprotein is destroyed by heating to 60° for 5 
minutes and is non-dialyzable. In contrast to clearing factor, coprotein 
is quite stable during ammonium sulfate fractionation and precipitates al- 
most quantitatively between 60 and 72 per cent of saturation. Although 
this fraction also includes most of the plasma serum albumin, such frac- 
tionation results in a 2- to 3-fold purification of coprotein activity. 

If the concentration of washed lipoproteins, or oil emulsion, and of puri- 
fied clearing factor is held constant, the rate of clearing depends on the 
concentration of coprotein at low concentrations, as shown in Fig. 1. 
Clearing factor, concentrated in Fraction III-1,2,3 by alcohol fractiona- 
tion, is not always free of coprotein activity. The coprotein-free clearing 
factor employed in the experiment summarized in Fig. 1, Curve B, was 
prepared by a simplified procedure which, although not leading to as great 
a purification as the previous method, yields a product which is reproduci- 
bly low in coprotein content and consequently is of considerable value in 
experiments in which an assay of this factor is desired. Plasma from dogs 
given 2 mg. of heparin per kilo of body weight was chilled in an ice bath 
and adjusted to pH 5.7 to 5.8 by the cautious addition of acetate buffer, 
r/2 = 0.1, pH 4.0. 90 per cent ethanol, previously chilled to —70°, 
was slowly added to a final concentration of 20 per cent. During the addi- 
tion, the temperature was maintained near the freezing point of the mix- 
ture. The resulting precipitate was centrifuged at —8° and resuspended 
in 12 plasma volumes of distilled water at 0°. After stirring for 2 to 5 
hours, the insoluble material was allowed to settle overnight at 0°. The 
resulting precipitate was lyophilized. This stable preparation, purified ap- 
proximately 5-fold over plasma, is essentially free of coprotein activity 
and, upon solution in the 1:1 saline-phosphate buffer described above, con- 
stitutes a reproducible source of clearing factor for the assay of coprotein. 

The data summarized in Fig. 1 indicate that a limiting initial rate of 
clearing is attained at high coprotein levels. At lower levels the final net 
decrease in turbidity is related to the quantity of coprotein added (Fig. 2). 
As already formulated in Equation 2, these findings suggest that coprotein 
may act as a stoichiometric component of the clearing system. When the 
system has become depleted of coprotein as indicated by the cessation of 
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Fig. 1. Effect of coprotein concentration on rate of clearing. Each determination 
with washed lipoprotein substrate contained 4 mg. of Fraction III-1,2,3 (clearing 
factor), 0.2 cc. of washed lipoprotein, and from 0.0 to 0.5 cc. of plasma, brought to 
1 cc. with 0.15 m NaCl. Each determination with coconut oil substrate contained 
1 mg. of clearing factor precipitated with 20 per cent ethanol, 0.1 cc. of coconut oil 
substrate, from 0.0 to 0.4 cc. of plasma, and sufficient phosphate buffer, pH 7.2, 
T'/2 = 0.1, to make a volume of 1 cc. 
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Fia. 2. Effect of coprotein concentrations on the final net decrease in turbidity 
during the clearing of coconut oil emulsion. Curve A, 0.3 cc. of purified clearing 
factor (10 mg. per cc. of saline-phosphate buffer, pH 7.2). (Clearing factor activity 
is destroyed during incubation with coconut oil substrate at 37° in the absence of 
coprotein.) Curve B, 0.2 cc. of 60 to 68 per cent ammonium sulfate fraction of 
plasma (coprotein), 12 mg. of protein percc. Curve C,0.3 cc. of clearing factor + 0.1 
cc. of 60 to 68 per cent ammonium sulfate fraction. Curve D, 0.3 cc. of clearing fac- 
tor + 0.2 cc. of 60 to 68 per cent ammonium sulfate fraction. All tubes contained 
0.1 cc. of 1 per cent coconut oil emulsion and were made to a volume of 1.0 cc. with 
saline-phosphate buffer. 0.1 cc. of 60 to 68 per cent ammonium sulfate fraction 
(coprotein) was added to all vessels at the time indicated by the arrow. 
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clearing, addition of coprotein reinitiates the process (Fig. 2). Experi- 
ments of this sort, in conjunction with ultracentrifugal experiments show- 
ing production of a-lipoproteins from low density lipoproteins with a simul- 
taneous increase in the quantity of protein centrifuging upwards at a 
solvent density of 1.21, suggest an acceptor réle for coprotein in the over-all 
clearing reaction. 

Inhibition of Clearing Reaction—Sodium chloride and ammonium sulfate 
strongly inhibit clearing at concentrations higher than 0.2 m, as shown in 
Table I. Removal of the salt by dialysis does not restore the activity. 
Normal plasma to which salt has been added and subsequently removed 


TaBLe I 
Effect of Salt Concentration on Clearing 











Salt Total salt concentration Per cent inhibition 
M 

NaC) cdc do wigan ieeesseaoks 0.15 0 
BS si tate MaRS SN oa rere, crete eate 0.20 19 

OO eer vararaaseialorevovnarieror ai ae Ore nee 0.35 76 
OEE S208 5. Bessa Rate Otee rau ere Meher e Sis eed are 0.50 85 
EO) Lav cident aetna ci eere ae a Ne 1.0 88 
(NH) SO -NGCL. ... sc ce cnieees 0.15 0 
fer) |. Sp apnbbeniaee te ead 0.2 0 

iE Serer Rocce re oo 0.35 14 

Ser”? ad neces 0.5 60 

SE ET cr BR, hile 1.0 90 











Each sample for determination contained 4 mg. of Fraction III-1,2,3 (clearing 
factor), 0.3 cc. of alimentary lipemic dog serum, and a sufficient volume of salt 
solution of appropriate concentration to make the volume of the system 1 cc. and 
the final salt concentration as indicated. Tubes with (NH,)2SO,-NaCl were 0.1 
Min NaCl. 


by dialysis possesses coprotein activity. Salt, therefore, appears to act on 
clearing factor rather than on coprotein. ; 

The following substances were without appreciable action on the clear- 
ing system: NaF 10-? m, HgCl, 10-* m, Be(NO3)2 10-4 m, Zn(OAc)2 10~* m, 
KCN 10-* m, K;AsO; 10-* m, p-chloromercuribenzoic acid 10~ m, alloxan 
3 X 10-*m to 3.5 X 10° M, atabrine 6 X 10-* M, quinine 1.2 X 107 Mm, 
Tween 80 1 per cent, ethyl levulinate 0.04 to 0.14 m, AgNO; 4 X 10-* M, 
FeSO, 4 X 10-4 m, CdCl. 4 X 10-‘, glycine 2m. Ethylenediaminetetra- 
acetate (EDTA) caused a 15 to 20 per cent increase in the rate of clearing. 

Heparin inhibits the clearing of lipoproteins when added in vitro to 
clearing factor preparations. This effect of heparin is shown in Table IT. 

Protamine reacts with heparin to form an insoluble protamine-heparin 
complex. The inhibition of clearing in vivo by protamine has been described 
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by Brown (13). Our animal experiments confirm this finding. Clearing 
factor containing plasma collected into EDTA or citrate loses its activity 
upon treatment with protamine (5 X 10-*m). Clearing factor prepared 
in vitro from serum! is similarly inhibited. 

Large, non-turbid low density lipoproteins (S; 20 to 100)? inhibit the 
clearing of turbid lipoproteins, while lipoproteins of S; 3 to 8 and a-lipo- 
proteins cause no greater inhibition of clearing than do comparable amounts 
of serum albumin (Table III). Lipoproteins of S; 20 to 100 are readily 
attacked by the clearing system, while lipoproteins of S; 3 to 8 are prob- 
ably not (5). These results suggest a competition between these two 
transformable lipoprotein classes for clearing factor. 


TABLE II 
Effect of Heparin Concentration on Clearing 
Heparin concentration Per cent inhibition 
= : 2 = ne 

0 0 
3.8 X 10-6 75 
3.8 X 10-5 82 
159 Kee 107! 88 
3.8 X 10-4 89 





Each sample contained 0.5 cc. of crude dog clearing factor, 0.5 cc. of alimentary 
lipemic dog serum, and sufficient heparin, added as a dry powder, to yield the con- 
centrations indicated. The molecular weight of heparin was taken as 12,000, and a 
preparation containing 60 Toronto units per mg. was assumed to be 46 per cent pure. 


In addition to inhibition of clearing factor, the clearing system can also 
be inhibited by chemical modification of the lipoprotein substrate. The 
wetting agent, Triton WR 1339,’ combines with these substances to yield 
products which, even after washing with saline, are not attacked by either 
the crude or the partially purified clearing system. Treated lipoproteins 
do not, however, inhibit the clearing of untreated lipoprotein preparations, 
suggesting an essentially irreversible binding of the Triton. These find- 
ings suggest a possible explanation for the results obtained by Friedman 
and Byers (15) on the production of lipemia by Triton administration. 

Fatty Acid Production during Clearing Reaction—When a crude clearing 


1 This is most easily done by incubating 10 mg. of frozen (dry ice), comminuted, 
lyophilized rat pylorus with 1 ec. of serum containing 0.3 mg. of heparin. After 20 
minutes of incubation, the insoluble material is removed by centrifugation (14). 

2 The symbol Sy; indicates Svedberg units of flotation under the conditions de- 
scribed by Gofman et al. (1). 

3 Triton WR 1339 was kindly supplied by the Rohm and Haas Company. 
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system is observed over a period of time, the initial decrease in turbidity is 
followed by an increase in turbidity (Fig. 3). The measurement of turbid- 
ity increase is a relatively inaccurate measure of this “‘clouding”’ process, 
since aggregates of non-uniform particle size appear, the dispersion of 
which is influenced by such factors as the degree of agitation of the reac- 
tion vessel. Nevertheless, the rate of appearance of turbidity is roughly 


TaB_e III 


Effect of Lipoprotein and Serum Albumin Concentration on Clearing 


Per cent inhibition after incubation for 


Protein Concentration* 
| 30 min. 1 hr. 3 hrs. 
a,-Lipoprotein Ef 7 0 -< 
3.5 | 10 0 —6 
8.7 | 21 —2 —16 
S; 3-8 lipoproteint 1.4 3 1 
2.9 2 0 -1 
8.7 16 5 —3 
| 14.5 19 3 —7 
| 
S, 20-100 lipoprotein 0.3 46 30 37 
0.7 69 50 40 
2.0 76 45 41 
3.4 100 62 57 
Albumin | 8.7 17 | 4 ~-9 
| 14.5 | 38 18 —3 


Each sample contained 0.5 ce. of crude dog clearing factor, 0.15 cc. of phosphate 
buffer (pH 7.2, 1/2 = 0.1), 0.15 ce. of alimentary lipemic dog serum, from 0.07 to 
0.75 ce. of lipoprotein or serum albumin, and sufficient 0.15 m NaCl to bring the 
final volume to 1.55 ec. 


* Mg. of protein (Lever et al. (10)) per ml. of reaction mixture. 
+ Containing 18 per cent of a2-lipoproteins. 


proportional to the rate of clearing; 7z.e., rapid clearing is followed by rapid 
clouding. 

Clouding does not occur in tubes containing EDTA. Under the condi- 
tions we have employed, calcium oleate is soluble in EDTA. These re- 
sults suggest that clouding is, at least in part, due to formation of calcium 
soaps, as has been shown by Nichols and his collaborators (16). Calcium 
soaps have been identified by direct calcium and fat analysis, both by 
Nichols and his collaborators and in this laboratory. 

The interpretation of ‘clouding’ is complicated by the fact that, in 
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model experiments, a considerable amount (e.g. 0.005 mole per liter) of 
sodium oleate must be added to plasma before a change in turbidity occurs. 
This delayed precipitation is presumably due to protein-fatty acid inter- 
action. 

Relation of Clearing to Esterase Activity—The clearing of synthetic emul- 
sions of coconut oil and the formation of calcium soaps during the later 
stages of the clearing reaction in crude, plasma-containing systems indi- 


ore | e.OCOC~S meee | as: 


ISmNaCl | 







6ImNoCl_| 





1.5m NoCl 


CHANGE IN OPTICAL DENSITY 
io 
T 





0 30 60 90 120 150 180 
TIME IN MINUTES 

Fia. 3. Effect of NaCl concentration on turbidity increase and esterase activity. 
3.0 cc. of clearing factor prepared in vitro (see foot-note 1), 0.6 cc. of phosphate buff- 
er (pH 7.2, ©/2 = 0.1), and 0.8 cc. of alimentary lipemic dog serum were incubated 
at 37° for 55 minutes. At the time indicated by the vertical line, aliquots of 0.7 ce. 
were added to tubes containing sufficient salt to bring each determination to the 
indicated concentration and to a volume of 1.0 cc. Determinations of 8-naphthyl 
laurate esterase activity were performed at the salt concentrations indicated. At 
salt concentrations of 0.15, 0.61, and 1.5 M, the rate of the clouding reaction was 0.21, 
0.09, and 0.04 optical density units per hour, and the esterase activity 0.051, 0.023, 
and 0.012 units, respectively. 


cate that the enzymatic hydrolysis of ester bonds occurs during clearing. 
We have attempted to determine whether clearing factor, coprotein, or 
plasma esterases are responsible for this hydrolytic reaction and what part 
ester breakdown plays in the clearing phenomenon. Although not con- 
clusive, the experimental evidence thus far accumulated supports the hypo- 
thesis that the observed esteratic hydrolysis occurs through lipase action, 
but only after a preliminary modification of the lipoprotein or triglyceride 
emulsion substrate by the coprotein-clearing factor system. 

The non-identity of coprotein and plasma esterase is relatively easily es- 
tablished. Thus, upon ethanol fractionation at low temperatures (12), 
an excellent separation of these activities is obtained, coprotein falling 
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mainly into Fraction III-0, while the bulk of the esterase activity appears 
in Fraction IV-4. The stoichiometric behavior of coprotein, described 
above (Fig. 1), supports the non-catalytic nature of this protein. It is 
also of interest that wheat germ lipase is unable to substitute for coprotein 
in the clearing reaction (Table IV), nor does it cause clearing in the absence 
of clearing factor. The crude lipase used in these experiments was pre- 
pared by extracting 1 gm. of wheat germ with 25 cc. of distilled water at 
0°, centrifuging, and discarding the supernatant solution. Reextraction 
with 10 ce. of distilled water yielded a clear solution having a higher specific 


TaBLe IV 
Effect of Crude Wheat Germ Lipase on Clearing 











Decrease in optical density 





Coconut oil Washed 





substrate | — 
1. Purified clearing factor (1 mg.) + buffer................ | 0.020 | 0.006 
2. Same as (1) + normal serum (0.2 cc.)..................| 0.188 | 0.098 
3, 88 SE Gisedigase (OA Gel) cons ncn enaebioe abe ek —0.031 | —0.018 
4, Normal serum (0.2 cc.) + buffer........................ | 0.001 —0.002 
§.. Lispase: (0:4 ees): -F DURE... 5.c. ose dencende ema nec eee |} —0.007 0.002 





Each sample contained 0.2 cc. of EDTA-phosphate buffer (pH 7.1, 0.03 m EDTA, 
1/2 = 0.1 phosphate), the additions indicated in the table, 0.1 cc. of substrate, and 
sufficient 0.15 m NaCl to bring the final volume to 1.0 cc. The 8-naphthy] laurate 
esterase activity of 0.4 cc. of lipase was the same as that of 0.2 cc. of plasma. The 


clearing factor used was the washed 20 per cent alcohol fraction described in the 
text. 


activity than that of the original extract. This preparation was used at 
once, since it exhibited a moderate degree of instability. 

Plasma esterase and clearing factor activities have not been cleanly sep- 
arated by the fractionation techniques hitherto employed. However, a 
number of experimental findings suggest the non-identity of these sub- 
stances. First, plasma esterase activity, as measured by 6-naphthy] lau- 
rate hydrolysis (7), was not increased after heparin administration (Table 
V, Tubes 1 and 3). In these experiments, clearing factor activity was not 
destroyed under the conditions of esterase assay, since the clearing of low 
density lipoprotein turbidity occurred at the same rate when tested under 
these conditions. 

Second, lipoproteins do not compete with 6-naphthyl laurate as sub- 
strate for lipase in the absence of clearing factor activity (Table V). These 
results, confirming the findings of Spitzer (17), indicate that plasma es- 








432 ENZYMATIC TRANSFORMATION OF LIPOPROTEINS. 


terases attack lipoproteins poorly or not at all. In the presence of clearing 
factor, however, lipoproteins do inhibit 6-naphthyl laurate splitting, sug- 
gesting the release of competing esterase-labile fragments from the lipo- 
protein structure. 

Finally, when sodium chloride in excess of the amount needed to in- 
activate clearing factor activity completely is added to samples which are 
undergoing a secondary “clouding” (Fig. 3), the samples continue to in- 
crease in turbidity at a rate proportional to the remaining uninhibited 
esterase activity. These results support the conclusion that plasma es- 
terase plays an essential, but secondary, réle in the ester hydrolysis. 


TABLE V 


Effect of Lipoproteins on Esteratic Breakdown of B-Naphthyl Laurate 


B-Naphthol 
Volume of reactants produced in 
1 hr. 
mg. 
Tube 1. Normal rat serum (0.2 cc.) + 60 y heparin + 1 mg. 8B-naphthyl 
MMM ON fame feo ei eo Fel diesem etysecsi nla ascac ces wapere alent as 0.056 
Tube 2. Same as Tube 1 + 0.2 cc. washed lipoproteins........ 0.058 
‘3. Rat plasma (0.2 ce.) heparinized in vivo + 1 mg. B-n: yphthy! 
BREN I cae sare aoe ais is vat bn CanEe go Gu eS Die ROTA A ; 0.056 


Tube 4. Same as Tube 3 + 0.2 ce. washed lipoproteins............. 0.045 


Each tube was iia to a final volume of 5.2 cc. according to the method of 
Seligman and Nachlas (7). 


DISCUSSION 


The establishment of a relationship between these and previous studies 
(1-5, 14, 16) of the lipoprotein-transforming system to such abnormal pro- 
cesses as atherogenesis and the lipemias of nephrosis and myxedema must 
await the demonstration of a normal physiological réle for the clearing 
phenomenon. Although the administration of heparin results in the ac- 
tivation of an enzymatic mechanism capable of transforming large, low 
density lipoprotein molecules into smaller, low density and a;-lipoproteins 
(3), it has not as yet been possible to demonstrate the presence of signifi- 
cant clearing factor activity in most normal animals or humans (4). Both 
clinical and experimental laboratory experience suggests that a competi- 
tion between the clotting and the clearing systems does exist, since clotting 
time is significantly shortened in lipemic conditions (18). It has been of 
interest to consider the possibility of a homeostatic mechanism related to 
plasma lipide levels which might condition the release of heparin, or of one 
of the other components of the clearing system formulated in Equations 1 
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and 2, in concentrations sufficient to account for the lipide transport ex- 
hibited by the normal individual following the ingestion of fat, although 
this consideration is admittedly speculative. 

Quite apart from these intriguing, but still nebulous, possibilities, there 
is presented in the clearing phenomenon an opportunity to study, enzy- 
matically, the details of lipoprotein interconversion and comparative chem- 
ical composition under conditions of minimal severity. The production of 
a,-lipoproteins and the simultaneous release of free fatty acids during the 
transformation of low density lipoproteins have been reasonably well docu- 
mented here and elsewhere (5, 16). The possible réle of coprotein as an 
acceptor substance during the clearing and the triglyceride and phospho- 
lipide increase in the a-lipoprotein fraction of plasma after clearing (5) sug- 
gest that a translipidation catalyzed by clearing factor may be involved. 
Should coprotein, however, be shown to act only in an activating fashion, 
in analogy to the activation of intestinal lipase by bile acids, the process of 
lipoprotein delipidation would be indicated. 

A study of the clearing process in which purified enzyme and substrate 
components were employed is clearly required before these and other possi- 
bilities can be adequately tested, and the purification of these components 
is at present the major concern of our group. 


SUMMARY 


1. The properties and methods for the purification of clearing factor and 
coprotein are discussed. The rate of clearing is proportional to the co- 
protein concentration if the concentration of clearing factor is held con- 
stant. 

2. Clearing is inhibited at salt concentrations greater than 0.2 m and by 
Triton and by heparin concentrations greater than 4 X 10-* m. Lipopro- 
teins of S; 20 to 100 also inhibit clearing. 

3. The turbidity increase occurring after clearing is probably due to 
formation of calcium soaps. In the presence of EDTA no such turbidity 
increase occurs. 

4. Evidence that plasma esterases are responsible for the fatty acid 
formation occurring during clearing is presented. 
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Because of the profound effect of thyroxine on the metabolic rates of 
animals, several groups of investigators have sought a relationship between 
this hormone and oxidative phosphorylation (1-4). The work in this lab- 
oratory was designed to test the hypothesis that the thyroid hormone may 
exert its salutary effects by uncoupling an oxidative phosphorylation just 
prior to a rate-limiting step in the electron transport sequence (5). The tox- 
ic manifestations of the hormone would result from the same action carried 
beyond the point of benefit. In support of the hypothesis, enzyme prep- 
arations from livers of hyperthyroid rats were found to be less efficient in 
coupling phosphorylation with oxidation than were preparations from 
normal rats (1). Under specified conditions, thyroxine added to normal 
tissue preparations in vitro was found to depress P:O ratios, although it 
also depressed respiration (1). Martius and Hess (4) have reported that 
thyroxine applied in vivo or in vitro inhibits uptake of radioactive ortho- 
phosphate by rat liver mitochondria. However, they reported no data for 
oxygen consumption. Since thyroxine inhibits respiration in some sys- 
tems (1, 2), it is essential to measure both respiration and phosphorylation 
in experiments of this type. 

Triiodothyronine has recently been identified by Gross and Pitt-Rivers 
(6) as a plasma-borne, iodine-containing compound which may be produced 
from thyroxine even in thyroidectomized animals (7). Triiodothyronine 
has been synthesized (6, 8), and Gross and Pitt-Rivers (9) have demon- 
strated that it is 3 to 4 times as active as thyroxine in preventing thyroid 
enlargement in rats fed thiouracil. Its influence on myxedematous pa- 
tients is manifested by an increased basal metabolic rate, decreased body 
weight, and decreased cholesterol of the blood (10). 

In this paper data are presented which demonstrate that thyroxine and 
triiodothyronine added in vitro depress oxidative phosphorylation by rat 


* This work was supported by grants from the Nutrition Foundation, Inc., and 
from the Office of Naval Research. For the first paper in this series see Lardy and 
Feldott (1). 
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kidney mitochondria with some substrates and prolong the oxidation and 
phosphorylating abilities of mitochondria with other substrates. 


EXPERIMENTAL 


The enzyme preparation consisted of twice washed rat kidney mito- 
chondria prepared in isotonic sucrose by the method of Schneider (11) and 
taken up in 1 ml. of isotonic sucrose per gm. of wet weight of original tissue. 
The system contained 40 um of phosphate buffer, pH 7.2, 15 um of MgSO,, 
0.03 um of cytochrome c, 6 uM of adenosinetriphosphate, and 0.5 ml. of 
mitochondrial suspension in the main compartment of the flask. The 
quantity of substrate is indicated for each experiment with the tabular 
data. When malonate was added, the concentration was 10 uM per flask, 
unless otherwise indicated. Isotonic KCl (0.15 m) was added to make the 
final volume 3.0 ml. 

For oxidative phosphorylation experiments the side arm contained 50 
uM of glucose and 0.05 ml. of yeast hexokinase (12) purified to Stage 3a. 
0.013 to 0.026 um of pL-thyroxine (as a 4 X 10-*M solution of the potassium 
salt) was added at the expense of isotonic KCl. Respiration was meas- 
ured by the conventional Warburg technique at 37°. After a 5 minute 
equilibration period, initial readings were taken and the contents of the 
side arm were tipped into the main compartment. A zero time flask was 
removed and enzymatic action stopped by deproteinization with cold 10 
per cent perchloric acid. Oxidation was allowed to proceed for 20 minutes. 
The final readings were taken and the contents of the flasks were depro- 
teinized as above. The deproteinized samples were analyzed for inorganic 
phosphate by the method of Lowry and Lopez (13). P:O ratios (micro- 
moles of orthophosphate fixed per microatom of oxygen consumed) were 
calculated from the phosphate disappearance and the concurrent oxygen 
consumption. The P:O values with various substrates were in close agree- 
ment with those previously reported from this laboratory for rat liver 
mitochondria (14). 


Results 


Effects of Thyroid Hormones on Phosphorylation during Glutamate Ovida- 
tion—We have previously reported (1) that thyroxine, added to the washed 
residue of rat kidney homogenized in isotonic KCl, did not influence P:O 
ratios in systems which allow the substrate to be oxidized to completion. 
However, if the oxidation of glutamate was blocked at the succinate level 
by malonate, added thyroxine depressed phosphate uptake more strikingly 
than it depressed respiration, thus decreasing the P:O ratios. 

Experiment 1 of Table I demonstrates that these phenomena occur also 
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with kidney mitochondria.!. As shown in the subsequent experiments of 
Table I, thyroxine rarely uncoupled phosphorylation from oxidation unless 
it significantly inhibited oxidation. Analogues of thyroxine which possess 
hormonal activity im vivo (15) uncouple oxidative phosphorylation, but, 
again, depression of oxygen consumption was observed (Table IT). 


TaBLe I 
Effect of Thyroxine on Phosphorylation Associated with Glutamate Oxidation by Rat 
Kidney Mitochondria 


uM P fixed per microatom O consumed 


Experiment No. Molarity of thyroxine 








0 0.65 X 1075 | 1.3 X 1075 2.6 X 1075 

1 2.64* 2.43* 2.28* 
2.75 1.43 (36) 1.31 (42) 
2 2.68 2.50 (13) | 2.53 (32) 2.31 (35) 
3 3.02 2.36 (11) 2.40 (25) 1.40 (42) 
4 3.16 2.22 (0) 1.57 (34) 1.90 (66) 
5 2.52 1.59 (33) | 0.94 (56) 0.50 (70) 

6 2.83 2.43 (9) 1.70 (26) 

7 2.75 2.54 (12) 2.32 (13) 2.03 (33) 
8 2.55 2.55 (11) 2.41 (23) 2.03 (40) 
9 2.44 2.50 (14) 2.55 (48) 1.59 (54) 
10 2.74 2.59 (11) | 2.48 (32) 1.18 (50) 
1 2.42 | 1.25 (50) 
Average. ..... 2.71 2.36 (13) | 2.08 (33) 1.55 (48) 





The numbers in parentheses refer to the percentage inhibition of oxidation. 
Each flask contained, in addition to the standard components, 60 um of glutamate. 
Respiration in the presence of hexokinase and glucose was measured for 20 minutes 


at 37°; 20 to 30 um of phosphate were fixed during this period in the control experi- 
ments. 


* No malonate added; all other flasks contained 0.033 m malonate and the aver- 
ages are calculated from the latter. 


Levels of thyroxine which consistently produced effects with glutamate 
as substrate did not uncouple phosphorylation during oxidation of a-keto- 
glutarate to succinate (Table III). In two experiments in which the 
highest level of thyroxine depressed respiration a decreased P:O ratio was 
observed. 


The results of a typical experiment comparing the effects of thyroxine 


' All data reported here are for pL-thyroxine. The p and L isomers are equally 
effective in influencing oxidative phosphorylation by rat kidney mitochondria. 
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Tasre II 


Effect of Thyroxine Analogues on Phosphorylation Associated with Glutamate 
Oxidation by Rat Kidney Mitochondria 























uM P fixed per microatom O consumed 
Compound added a Molarity of thyroxine or analogue 

0 1310-5 | 2.6 x 10-5 
Thyroxine 1 2.95 2.40 (24) | 1.67 (38) 
2 | 2.75 1.95 (19) | 1.27 (44) 
3, 5-Diiodo-4-(3’ , 5’-diiodo-4’-hydroxy- | 1 2.95 2.13 (12) | 2.32 (26) 
phenoxy)benzoic acid | 2 2.75 1.77 (24) | 0.74 (58) 
3, 5-Diiodo-4-(3’ , 5’-dibromo-4’-hy- | 1 2.95 | 2.32 (0) | 2.10 (21) 
droxyphenoxy)benzoic acid 2 2.75 | 2.84 (21) | 2.30 (52) 
3, 5-Diiodo-4-(4’-hydroxyphenoxy)- 1 2.95 | 2.35 (11) | 1.97 (29) 

benzoic acid 2 0.57 


2.75 | 2.27 (10) | (38) 


The numbers in parentheses refer to the percentage inhibition of oxidation. 
Malonate (0.033 m) was present in all the flasks; other experimental conditions as 
described in Table I. 


The analogues of thyroxine were kindly supplied by Professor R. J. Winzler and 
Professor E. Frieden. 


TABLE III 


Effect of Thyroxine on Phosphorylation Associated with a-Ketoglutarate Oxidation by 
Rat Kidney Mitochondria 

















uM P fixed per microatom O consumed 
Experiment No. Molarity of thyroxine 
0 0.65 xX 10-5 — | 1.3 X 10-8 2.6 X 10-5 
1 3.52 3.46 | 3.66 3.74 
2 4.25 | 4.26 4.31 3.36* 
3 | 4.25 4.35 | 4.30 2.62* 
4 | 3.82 3.54 | 3.88 3.62 
5 4.05 | 4.20 | 4.26 3.92 
6 | 3.77 3.83 3.77 3.60 
Average. ...... | 3.94 3.93 4.03 | 3.48 








In addition to the standard components, each flask contained 20 um of a-keto- 
glutarate and 30 um of malonate. Respiration in the presence of hexokinase and 
glucose was measured for 20 minutes at 37°. 

* In Experiments 2 and 3 respiration was inhibited 23 and 35 per cent, respec- 
tively, by the highest concentration of thyroxine. 
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and triiodothyronine? on oxidation and phosphorylation are shown in Ta- 
ble IV. In twelve similar experiments triiodothyronine uncoupled phos- 
phorylation and differed from thyroxine in the important fact that it did 
not inhibit respiration. In a few experiments triiodothyronine slightly in- 
hibited the oxidation of glutamate, but this inhibition was much less than 
that produced by an equivalent concentration of thyroxine. The effect of 
triiodothyronine on oxidative phosphorylation was most readily detected 
when oxidation of glutamate was blocked at the stage of succinate by 
malonate. 


TaBLe IV 


Comparative Effects of Triiodothyronine and Thyroxine on Oxidation of Glutamate 
and on Phosphorylation by Rat Kidney Mitochondria 











No malonate 0.033 « malonate 

Additions i; Soe eae Sa Ge | aay ee oe 

piven | | wun _ PO | pei pe. | P:0 

Sos | oe | | ome | owe | 

None (COHEION) > oisc2s hic Ds desea 9.4 | 25.4 | 2.71 | 6.7 20.3 | 3.03 
Thyroxine 0.65 X 10-'m........... 9.0 25.0 2.77) 4.3 14.6 | 3.40 
«9 Dist SIGE cobs 8.7 20.9 | 2.40 4.0 10.8 | 2.70 

of BG Se IGA. Nata 8.9 23.4 | 2.638 4.2 7.6 | 1.81 
Triiodothyronine 0.65 X 10-' ..... 9.8 23.2 | 2.37) 6.0 16.9 | 2.81 
i P3F SOE SES. 2 9.6 23.6 | 2.46, 6.6 14.0 | 2.12 

re 2:6" SC 1G 8 9.5 | 24.1 | 2.54: 6.7 13.8 | 2.06 





Flasks without malonate were incubated 10 minutes at 37° in the presence of 
hexokinase; those containing malonate were incubated 20 minutes. Other experi- 
mental conditions as in Table I. 


In agreement with previous results obtained with washed tissue residues 
(1), thyroxine (and also triiodothyronine) added in vitro did not detectably 
influence P:O ratios when other tricarboxylic acid cycle intermediates were 
oxidized by rat liver or kidney mitochondria. 

Although thyroxine and triiodothyronine act as uncoupling agents under 
specified conditions, neither of these compounds enhances respiration in 
systems which contain no phosphate acceptors and which are capable of 
marked stimulation by either dinitrophenol or phosphate acceptors (16). 

Effects of Thyroxine and Tritodothyronine on Fatty Acid Oxidation—Data 


2 We are indebted to Dr. Gross and Dr. Pitt-Rivers for providing us, very early in 
their work, with valuable samples of triiodothyronine. More recently, triiodo- 
thyronine has been obtained through the courtesy of Dr. A. E. Heming, Smith, 
Kline and French Laboratories, who obtained it from the Glaxo Laboratories, Ltd., 
where it was synthesized. 
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have been presented previously (1) which demonstrate that thyroxine in- 
hibited the oxidation of 6-hydroxybutyrate and certain fatty acids by 
washed residues of rat kidney homogenates when low concentrations of 
tissue preparation were used, but enhanced the oxidation of these sub- 
strates when the reactions were catalyzed by higher levels of the washed 
residue. The effects of thyroxine were usually manifested during the 2nd 
and succeeding hours of the experimental period. 

These experiments have been repeated with rat kidney mitochondrial 
suspensions as the enzyme source. As shown in Fig. 1, thyroxine had little 
effect on the oxidation of B-hydroxybutyrate by mitochondria during the 
Ist and 2nd hours of incubation. However, during the 3rd and 4th hours 
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Fig. 1. Influence of thyroxine on the oxidation of 6-hydroxybutyrate by rat kid- 
ney mitochondria. Enzyme concentration, 0.54 mg. of N per flask. 15 um of p13-f- 
hydroxybutyrate and 1 uM of succinate per flask. 


of incubation, when oxidation in the control vessels was rapidly decreasing, 
thyroxine appeared to maintain the oxidation of B-hydroxybutyrate at or 
near the initial rate. Comparable results were obtained with higher (0.67 
mg. of N per flask) and lower (0.40 mg. of N) enzyme concentrations than 
that recorded in Fig. 1. In these systems, with kidney mitochondria in 
the presence of catalytic quantities of C,-dicarboxylie acids, both capryl- 
ate and 6-hydroxybutyrate are oxidized completely to COs. 
Measurements of phosphorylating capacity were also made during these 
extended respiratory experiments. Data for 6-hydroxybutyrate and cap- 
rylate as substrates are presented in Table V. Hexokinase and glucose 
were kept in the side arm of the flask until 30, 60, 120, or 180 minutes after 
the respiratory measurements had begun. After dumping the contents of 
the side arm into the main compartment, one flask of each set was removed 
for phosphate analysis. In the others, respiration was measured during 
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the following 10 minute period, after which they were deproteinized for 
phosphate analysis. The P:O ratios reported in Table V were calculated 
for this 10 minute period. With 8-hydroxybutyrate as substrate, phos- 
phorylating efficiency had decreased markedly after 2 hours and no net 
phosphate uptake occurred when hexokinase and glucose were added after 
3 hours. Thyroxine at a concentration of 1.3 X 10-5 m improved phos- 


TABLE V 


Influence of Thyroxine on Phosphorylation Associated with Oxidation of 
B-Hydroxybutyrate and Caprylate by Rat Kidney Mitochondria 





| | pm P fixed per microatom O consumed 











Subatinta “ae of Pome | — after oan 
| | 30 min. | 60 min, | 120 min. | 180 min. 
| au | | | | | 
8-Hydroxybutyrate | 0 | 1 | 2.24 | 2.02 | 1.30 | 0 
| 2. | 2.46 | 2.37 | 1.85 | 0 
| 1.3X10-* | 1 | 2.42 | 2.30 | 1.75 | 1.83 
| | 2 | 2.45 | 2.43 | 2.31 | 2.12 
|} 2.610 | 1 | 2.26 | 2.64 | 1.91 | 2.43 
| 4 2.68 | 2.54 | 2.33 | 2.53 
Caprylate | 0 | 3 | 1.90 | 2.11 1.64 | 0.42 
| _ 2.27 | 2.04 | 1.45 | 0.32 
eye oa 2.29 | 2.61 | 2.48 | 1.49 
| 4 2.55 | 2.25 | 1.82 | 1.16 
2.6 X 10-5 s | CaP) 2 | oe ee 
4 2.49 | 2.71 | 1.97 | 1.28 





The substrates were 15 wm of L-8-hydroxybutyrate per flask in Experiments 1 
and 2 and 6 uo of caprylate in Experiments 3 and 4; 1 wm of succinate was added to 
all flasks. Approximately 1 mg. of mitochondrial N per flask in each experiment. 
Other experimental conditions as in Table I, except that glucose and hexokinase 
were added from the side arms at the time indicated. Oxidative phosphorylation 
was measured during the following 10 minute period. 


L-8-Hydroxybutyrate was generously provided by Professor M. Lemoigne of the 
Pasteur Institute, Paris. 


phorylating ability after prolonged incubation and, when added to give a 
final concentration of 2.6 K 10-5 m, high P:O ratios were maintained 
even after 3 hours at 37°. Thyroxine exerted a similar, but quantitatively 
somewhat lesser, beneficial effect on phosphorylating efficiency when cap- 
rylate was the substrate. The maintenance of vigorous oxidizing activ- 
ity in the presence of thyroxine (Fig. 1) undoubtedly is dependent upon 
the better maintenance of phosphorylating ability (17) in the presence 
of the hormone. The effect of thyroxine on maintenance of phosphorylat- 
ing ability of mitochondria during prolonged incubation is reminiscent of 
its ability to counteract the “uncoupling” action of cysteine (18). 
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Like thyroxine, triiodothyronine also prolongs respiration of kidney 
mitochondria with §-hydroxybutyrate as substrate, as is shown in Table 
VI. In this experiment, respiration was well maintained even in the con- 
trol flasks, but the beneficial effects of thyroxine and triiodothyronine were 
readily apparent during the 4th and 5th hours of the incubation. Tri- 
iodothyronine also prolongs phosphorylating capacity of the kidney mito- 
chondria (Table VII). 


TaBLe VI 


Comparative Effects of Thyroxine and Triiodothyronine on Oxidation of 
B-Hydroxybutyrate by Rat Kidney Mitochondria 








Q,, (N) 
Additions Se er: 2 ee — 
isthr. | 2ndhr. | 3rdhr. | 4thhr. | Sth br. 
None (cdntrTol)......5.23..0..... 5... 322 433 405 183 108 
2.6 X 10-§ m thyroxine........... 877 396 = 405 304 176 
2.6 X 10-5 “‘ triiodothyronine..... 416 473 | 496 | 306 207 





Each flask contained 15 um of L-8-hydroxybutyrate, 1 um of succinate, and 0.74 
mg. of mitochondrial N. 


Tasie VII 


Influence of Triiodothyronine on Phosphorylation Associated with Oxidation of 
B-Hydroxybutyrate by Rat Kidney Mitochondria 





uM P fixed per microatom O consumed measured after 
Concentration of triiodothyronine ____—__ pls 








30 me, 60 min. “150 whe. 
u | | aes 
0 | 2.46 0.88 | 0 
1.3 X 10-5 2.51 1.94 1.40 
2.6 X 10-8 2.42 2.22 2.37 





Experimental conditions as in Table V; 0.73 mg. of mitochondrial N per flask. 


DISCUSSION 


These studies are aimed at a better understanding of the mechanism by 
which the thyroid hormone exerts its physiological effects. The effects of 
the compounds tested in vitro do not correspond to the characteristic ef- 
fects in vivo. For example, neither thyroxine nor triiodothyronine added 
in vitro stimulates oxygen consumption of liver or kidney mitochondria, al- 
though this is the most characteristic response of the intact animal given 
an excess of thyroid hormone. Furthermore, to obtain effects in vitro it 
has been necessary to use concentrations of thyroxine (10-5 m) which are 
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considerably in excess of the thyroxine concentration in the whole animal 
(19). On the other hand, it may be unreasonable to expect thyroxine or 
triiodothyronine to produce effects analogous to those obtainable in vivo, 
for it is not known whether either of these compounds is the metabolically 
active form of the thyroid hormone. There is reason to believe that tri- 
iodothyronine more nearly represents the true hormone than does thyroxine 
(9), but it is possible that triiodothyronine undergoes further transforma- 
tions before acquiring full activity. 

Another seeming lack of correlation between effects in vitro and in vivo 
is observed in a comparison of the activity of the optical isomers of thy- 
roxine. The D, L, and pL compounds are all equally effective in uncoupling 
phosphorylation during glutamate oxidation and in maintenance of oxida- 
tive and phosphorylating abilities of mitochondria during prolonged in- 
cubation. In contrast, the L isomer is approximately 6 times more effective 
than the D isomer in vivo. However, the presence of an asymmetric carbon 
atom is not essential for thyroxine-like activity. Analogues of thyroxine 
in which, among other changes, the side chain has been replaced by 
carboxyl (15), amino (20), or acrylic or propionic acid (21) are active. 
Therefore, it is possible that the relatively poor activity of p-thyroxine in 
the intact animal reflects a greater rate of destruction and excretion (22) 
or a slower rate of cell penetration of this isomer than of the naturally 
occurring L form. 

Recognizing the limitations of the in vitro approach, we may interpret 
the results obtained as, at least, providing some leads to the mode of action 
of the hormones. The fact that thyroxine or triiodothyronine influences 
oxidative phosphorylation (Tables I, II, IV, V, VII), induces phosphate 
liberation from adenosinetriphospuate (23), and prevents the uncoupling 
effect of cysteine (18) indicates that these compounds have affinity for en- 
zymes participating in the phosphate-transferring reactions of the mito- 
chondria. 

The ability of thyroxine and especially of triiodothyronine to uncouple 
oxidative phosphorylation, the decreased P:O ratios obtained with tissue 
preparations from hyperthyroid animals (1, 24), and the decreased effici- 
ency of work performance of hyperthyroid patients (25) may have a com- 
mon biochemical basis (5). 


SUMMARY 


Thyroxine, at 10-° m, depressed the oxygen consumption of rat kidney 
mitochondria with glutamate as the substrate when the tricarboxylic acid 
cycle was blocked with malonate. Under these conditions thyroxine de- 
creased the efficiency with which phosphorylation is coupled to respiration. 
Thyroxine at this concentration did not significantly inhibit respiration or 
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phosphorylation when other tricarboxylic acid cycle intermediates were 
oxidized by liver or kidney mitochondria. 

Triiodothyronine (10-5 m) uncoupled phosphorylation associated with 
glutamate oxidation; it did not significantly depress respiration. 

Both thyroxine and triiodothyronine prevent the rapid decline in mito- 
chondrial respiration and oxidative phosphorylation which occurred during 
the 3rd and 4th hours of incubation at 37° with 6-hydroxybutyrate or 
caprylate as the substrate. 
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DIRECT DEMONSTRATION OF AMMONIA AS AN INTERME- 
DIATE IN NITROGEN FIXATION BY AZOTOBACTER* 


By JACK W. NEWTON, P. W. WILSON, anv R. H. BURRIS 


(From the Departments of Bacteriology and of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, March 23, 1953) 


When Azotobacter vinelandii is grown on molecular nitrogen, it utilizes 
ammonia without enzymatic adaptation. Furthermore, the distribution 
of N° in amino acids derived from cell hydrolysates is the same whether 
the isotope is supplied to the organism as ammonia or as Ne. These and 
other findings (1, 2) provide strong evidence that ammonia is the key 
intermediate in nitrogen fixation by this organism, but direct evidence 
such as has been recently supplied for the anaerobic system in Clostridium 
pasteurianum (3) has been lacking. Through use of short time experi- 
ments with suspensions instead of growing cultures, we have now succeeded 
in obtaining concurrent fixation of Ne» and assimilation of added NHjt-N. 
This has enabled us to provide a more rigorous demonstration of the réle 
of ammonia as an intermediate in the fixation pathway of this organism. 


EXPERIMENTAL 


A. vinelandii (strain OQ) and Azotobacter agile (strain 4.4) were grown in 
100 ml. of Burk’s nitrogen-free medium! containing 2.0 per cent sucrose in 
500 ml. Erlenmeyer flasks incubated on a rotary shaker at 30°. The cells 
from cultures 15 to 20 hours old were used for experimentation. In the 
dilution experiments, N'*-labeled ammonium acetate was added to the 
cultures at zero time; for experiments with N,!°, the flasks were fitted with 
rubber stoppers containing an outlet for evacuation and addition of ap- 
propriate gas mixtures enriched with N". 

Nitrogen fixation can be readily estimated by a method based on iso- 
tope dilution by adding a suitable N“-labeled compound to the nitrogen- 
fixing culture and periodically determining its isotope ratio (4). A con- 
stant N®:N" ratio indicates utilization of only the fixed nitrogen supplied, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Rockefeller Foundation, 
the Atomic Energy Commission, and the Research Committee of the Graduate 
School from funds provided by the Wisconsin Alumni Research Foundation. 

‘ Burk’s medium contains, per liter, 0.64 gm. of KzHPOx,, 0.16 gm. of KH2PQ,, 
0.20 gm. of MgSO,-7H.0, 0.20 gm. of NaCl, 0.05 gm. of CaSO,-2H20, 20 gm. of sucrose, 
and 1 mg. of Mo and 3 mg. of Fe added as a solution of NasMoO, and FeSQ,; pH 
adjusted to 7.3. 
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but a decrease in the N¥:N* ratio of the culture indicates that N™ jis 
being accumulated by the fixation of normal Ne. When N®-labeled am- 
monium acetate is supplied to a culture of the Azotobacter which is fixing 
nitrogen, periodic analysis of the total culture for N“ provides a measure 
of nitrogen fixation, whereas analysis of the cells for N™ and total N simul- 
taneously measures ammonium ion uptake. Samples were assayed by 
the conventional method of Kjeldahl digestion, followed by hypobromite 
oxidation of the resulting ammonia to Nz for mass analysis with a Con- 
solidated-Nier isotope ratio mass spectrometer. 

After exposure to the isotope, cultures were acidified with dilute H.SQ,, 
aliquots were taken for analysis of N® in the whole culture, and the cells 
were removed by centrifugation. Ammonia was recovered from the super- 
natant solution either by distillation of strongly alkaline solutions at at- 
mospheric pressure or by distillation in vacuo from a borate buffer at low 
temperature (5). The N*® concentrations obtained with the two methods 
were not appreciably different. 

For the isolation and analysis of intracellular material, the cells from 
ten or fifteen 100 ml. cultures were recovered by centrifugation and were 
resuspended in 100 ml. of Burk’s medium in a 500 ml. Erlenmeyer flask; 
this suspension then was exposed to N-enriched N2 and QO» and was 
simultaneously supplied with ammonium acetate. At the end of an ex- 
periment, the cultures were cooled to 3°, the cells were recovered by 
centrifugation, and the ammonia was isolated from the medium and ana- 
lyzed for N!*. The organisms were then resuspended in m/15 phosphate 
buffer at pH 6.8 and disrupted in a Raytheon 10 kilocycles magneto- 
strictive sonic oscillator. The cellular proteins were sedimented by cen- 
trifugation after being precipitated either by dropwise addition of con- 
centrated H,SO, to about 0.1 N concentration or by addition of 30 per 
cent basic lead acetate. Basic lead acetate was a more satisfactory pre- 
cipitant than the H2SO,, which was used only in the earliest experiments. 
The free amino acids were separated by chromatography on filter paper 
with the ascending aqueous phenol as a solvent. Known glutamic acid 
also was chromatographed in parallel to the unknown mixture and was 
found to be identical with the major constituent. For isotope analysis, 
the glutamate was recovered in sufficient quantity on an Amberlite IR-4B 
ion exchange resin (6) (aspartic acid was absent). 


Results 


The results of isotope dilution experiments (Fig. 1) demonstrated for the 
first time that the Azotobacter can assimilate simultaneously both molecu- 
lar nitrogen and ammonia. Although the fixation reaction was strongly 
suppressed when A. agile was supplied with ammonia as an alternative 


ofr ott fs 


NE 
24 


1! 





a re, 





XU 














NEWTON, WILSON, AND BURRIS 447 

- nitrogen source, the inhibition was incomplete, in contrast with results 
am- previously observed with actively growing A. vinelandii supplied with 
xing ammonia at the time of initial inoculation (7). With suspensions of cells, 
sure the quantity of ammonium N that could be added without completely 
mul- 
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rents. 0 2 4 6 8 10 24 
yaper ene 
pal ‘d Fig. 1. Dilution of N'5 by A. agile fixing nitrogen in the presence of ammonia. 
done 15 hour culture in 200 ml. of Burk’s medium; 24 y of N15H,*-N per ml. (31.9 atom 
1 was per cent N?5 excess) added at 0 time; the data in the curves represent the total N in 
lysis, the culture, NH,*-N in the supernatant medium, and atom per cent N!® excess of 
R-4B the total culture. 

suppressing fixation depended upon the quantity of cell N present, as one 
would expect of a competitive inhibitor for the reaction. The fixation 

or the reaction in A. agile had a greater tolerance for ammonia; this organism 
olecu- continued fixing N» in the presence of ammonia at a concentration twice 
-ongly as great as that which strongly inhibited A. vinelandit. 
intive Since both nitrogen fixation and ammonia assimilation occurred simul- 
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taneously, it appeared possible that the labeled ammonia supplied to the 
organisms would become diluted with N“H,+ arising from the fixation 
reaction, provided the supplied ammonia became equilibrated in the fixa- 
tion pathway. The isotopic ammonia, therefore, was reisolated from the 
cultures and analyzed for N™ before complete utilization had occurred. 
The data in Table I show that a dilution of isotope occurs in exogenous 
ammonia supplied to the Azotobacter which is fixing nitrogen; when cul- 
tures were gassed with a hydrogen-oxygen atmosphere, the reisolated am- 


TABLE I 
Dilution of Exogenous N‘°H,* by Azotobacter Fixing Molecular Nitrogen 





| Atom per cent excess N15 in 
| 





Experiment No. | Time re PS ie oe 
: | Total culture Cells fr gc 
ae ee | F aaa & 
hrs. | | 

I. A. vinelandii* } o | 5.97 | 0.05 25.14 
| to) A 7 Se 25.53 

2 | 6.68 | 2.28 20.64 

s |) om 3.99 12.34 

Il. A. vinelandiit 0 | 3.40 | 0.04 26.44 
1 2.92 | 2.47 9.36 

III. A. agilet 0 ‘2 | 0. 27.94 
2 5.67 5.06 9.788 





* Supplied with 40 y of N per ml. as N!®H, acetate at 0 time. 

¢ Supplied with 20 y of N per ml. as N'*H, acetate; about 30 mg. of cell N per 
flask in 300 ml. of medium. 

t Supplied with 30 y of N per ml. as N'5H, acetate. 

§ A control experiment with Hz and O2 gas phase gave 26.43 atom per cent N* 
excess. 


monia was either not diluted or its label was only slightly decreased. These 
observations suggested that the diluent N™ arose from the fixation reaction. 

Confirmation was obtained in further investigations with N»™ and un- 
labeled ammonia. These provided greater specificity since any incorpora- 
tion of isotope must come from the nitrogen fixation reaction. Cultures 
of the Azotobacter were simultaneously gassed with atmospheres containing 
N." and supplied with low concentrations of normal ammonium acetate; 
after incubation, the cells and the ammonia from the supernatant solution 
were recovered and analyzed for N°. Typical results are given in Table 
II; in all the trials the ammonia contained the highest concentration of 
the isotope of any fraction or compound isolated. 

The immediate source of the ammonia then was investigated. Since it 
has been shown (2) that glutamic acid has the highest concentration of 
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N' of any amino acid formed by A. vinelandii during fixation of N2!* for 
short periods, glutamate from the free amino acid fraction of the disrupted 


TaBLe II 
Enrichment of Exogenous Ammonia Supplied to A. vinelandii Fixing N25 





Atom per cent excess N!§ in 








| 


Experiment No. Time Sh. _agsee aE 
| Cells | Free amino acid | NH« from medium 
| min. | | 

I* | 60 | 0.17 1.50 
IIt | 45 | 0.15 0.95 
IIIt | 30 0.01 0.01 0.13 
| 60 0.01 | 0.03 0.22 

IV§ | 45 0.03 0.07] 1.81 





* 13 hour culture. About 20 mg. of cell N; 40 y of N per ml., added as ammonium 
acetate; 0.15 atmosphere of N2!5 (32 atom per cent excess), 0.85 atmosphere of Oz. 

¢ 150 mg. of cell N per flask (100 ml.); 100 y of N per ml., added as ammonium 
acetate. 

¢ 150 mg. of cell N per flask; 150 y of N per ml., added as ammonium acetate; 0.1 
atmosphere of N2!5, 0.9 atmosphere of Oc. 

§ About 100 mg. of cell N in 150 ml.; 90 7 of N per ml., added as ammonium ace- 
tate; 0.3 atmosphere of N2'5, 0.7 atmosphere of Oz. 

|| Glutamate recovered by ion exchange and checked for purity by paper chro- 
matography. 


TaBLeE III 


Effect of Concentration of Ammonia on Incorporation of N2!* into Cells and 
Supernatant Ammonia by A. vinelandii* 





| Atom per cent excess N'§ in 
NH«*-N added NH¢#-N d 





| 
| 
| 
| 





Flask No. Renee ree nce IY 2 
Cells NH¢ from medium 
| mg | mg. 
1 | 30 | 10.00 0.00 0.15 
2 | 20 | 5.00 0.01 0.33 
3 10 4.25 0.03 0.97 
4 | 5 3.75 0.09 1.68 
5 0 0.18 0.04f 





* 158.5 mg. of cell N in the flask; gas phase, 0.1 atmosphere N2!5 (30 atom per cent 
N!5 excess), 0.9 atmosphere of Oz. 
{ 2 mg. of normal NH,*-N added as carrier. 


cells was analyzed for N! and the degree of enrichment compared with that 
of ammonia (Table II, Experiment IV). These data indicated that the 
labeled ammonia was not arising primarily through deamination of glu- 
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tamate. The free amino acid fraction was chromatographed on paper and 
found to consist primarily (over 50 per cent) of glutamate; no aspartate or 
alanine was detected. Small amounts of other ninhydrin-positive materials 
were found, but no attempt was made to identify them. 

Quantitative determinations were then made of ammonia utilized during 
the exposure to N;!°. The amount of fixation was calculated from the 
total cell nitrogen in the cultures, the isotope concentration of the cells, 
and the N* concentration of the Ne supplied. From these data (Table 
III), the amount of N,'° fixed and incorporated into cells and ammonia 
and the relative amount of fixation in the presence of varying concentra- 
tions of ammonia can be estimated. Based on calculation from the iso- 
tope data, considerable amounts of the nitrogen fixed can be accounted 
for in the residual ammonia. The low concentration of N' found in 
ammonia recovered with carrier added at harvest (Table III, Flask 5) 
suggests that very little ammonia is excreted by suspensions of cells under 
the experimental conditions employed. 


DISCUSSION 


The apparent ease with which ammonia enters the Azotobacter cell and 
becomes equilibrated in the nitrogen fixation pathway leaves little doubt 
that it is an intermediate in the fixation process in this organism. In 
contrast with the anaerobe C’. pasteurianum, the synthetic processes in the 
Azotobacter ordinarily appear to be rapid enough to remove any ammonia 
formed by the fixation reaction; hence little ammonia is formed as a free 
metabolite. In many of our experiments, concentrated suspensions of 
organisms were used. Under these conditions limited fixation occurred 
even in the presence of added ammonia. Assimilation of ammonia by 
synthesis into cells was so slow that ammonia fixed from Nz accumulated 
in the added pool of ammonia, which could be isolated and analyzed. 
The labeled ammonia did not arise through deamination reactions from 
preformed cellular glutamate; its precursor was an earlier product of the 
Nz fixation reaction. In short time exposures of the Azotobacter to N»'* 
in the presence of ammonia, the ammonia recovered contained the highest 
concentration of N'® (Table II), greatly surpassing the isotope concentra- 
tion of any other cellular fraction isolated. 

Detection of nitrogen fixation by analysis for N' in added ammonia 
also provided a more sensitive way of testing for nitrogen fixation by the 
suspensions of organisms used in these experiments, as fixation of N»' 
could be detected in the ammonia fraction long before significant incor- 
poration of isotope occurred in the cells. The sensitivity of the isotopic 
technique was often increased 10-fold or more, depending upon the relative 
amounts of ammonia and cellular nitrogen in the cultures. However, it 
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should be noted that this increased sensitivity is not achieved with normal 
growing cultures of the Azotobacter which fix Nz and assimilate the fixed 


nitrogen at a far more rapid rate than do the heavy suspensions employed 
in the present studies. 


SUMMARY 


Heavy suspensions of Azotobacter vinelandii and Azotobacter agile were 
demonstrated to fix molecular nitrogen and simultaneously to assimilate 
added ammonia nitrogen. This response to added ammonia is perhaps 
more typical of an intermediate than that observed earlier with growing 
cultures of the Azotobacter whose nitrogen fixation was completely blocked 
by added ammonia (7). When the Azotobacter suspensions fixed N,!5 
in the presence of unlabeled ammonia, the ammonia became enriched with 
the label. The immediate source of the N® in the ammonia is not glu- 
tamate but an earlier product of the fixation reaction. 

These findings provide the most direct evidence yet obtained for am- 
monia as an intermediate in reactions by which the Azotobacter fix No. 
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I. ENZYMATIC ACTIVATION OF FATTY ACIDS 
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The conversion of fatty acids to an activated form is the initial reaction 
in mitochondrial fatty acid oxidation (3). This activation process, closely 
associated with oxidative phosphorylation, has been referred to as the 
“sparking” (4) or “‘priming” (5) reaction. 

Exact elucidation of the activation process had to await isolation of the 
enzymes implicated in soluble form. The work of Stadtman and Barker 
(6) and Kennedy and Barker (7) on the fatty acid oxidizing system of 
Clostridium kluyverit pointed to the acylated derivatives of coenzyme A as 
the “activated” fatty acids. Soluble preparations from pig heart (8), rat 
liver mitochondria (9), or beef liver (1) all catalyze the oxidation of fatty 
acids in the presence of ATP,! CoA, and various other components. The 
present communication deals with the purification and properties of an 
enzyme which catalyzes the reaction 


eee Mgt* — 
(1) RCO; + CoASH + ATP* === RCOSCoA + AMP- + P-P* 


Since R in the present case covers the range C; to C.;, the enzyme has been 
named the fatty acid activating enzyme (FAAE). Analogous reactions, 
but catalyzed by different enzymes, have also been reported for acetate 
(10, 11) and higher fatty acids (12). 


* Preliminary accounts of some portions of this work have appeared (1, 2). 

1 The following abbreviations will be used throughout: ATP (adenosinetriphos- 
phate), ADP (adenosinediphosphate), AMP (adenosine-5’-phosphate), P-P; (in- 
organic pyrophosphate), P; (inorganic phosphate), CoA (coenzyme A), CoASH 
(reduced CoA), GSH (reduced glutathione), Diol (2-amino-2-methy]-1,3-propane- 
diol), Tris (tris(hydroxymethyl)aminomethane), D (optical density in a 1.00 cm. 
cell), Keg. = (equilibrium constant), AF° (standard free energy change), Km (Mi- 
chaelis-Menten constant for fatty acid under standard assay conditions), V (velocity 
at fatty acid concentration = ©, with all other components at standard assay con- 
centrations), FAAE (fatty acid activating enzyme). 
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Results 
Assay Systems 


Formation of Hydroxamates—lIn the initial stages of this investigation the 
activity of the enzyme was followed by measuring hydroxamic acid forma- 
tion (13) as an assay of acyl CoA formation (10). When this assay was 
used as a measure of enzymatic activity, it was found that no increase in 
specific activity above 5 (micromoles of hydroxamic acid X hr.-' X mg.~) 
could ever be observed in a wide variety of purification procedures. It was 
concluded that the high concentration of hydroxylamine (approximately 
1 m) necessary for the reaction was inhibitory to purified enzymes. Similar 
effects have also been observed for the acetate enzyme (10). 

Disappearance of —-SH—The rate of —SH disappearance, as measured 
by the nitroprusside reaction (14), was found to be a reliable assay for the 
enzyme. The reaction mixture contains, in 0.15 ml., 0.17 um of CoASH 
(glutathione content less than 10 per cent), 1.1 um of ATP, 2.5 um of 
MgCl, 5 to 25 um of buffer, pH 8.0 (Diol or glycylglycine), 1 um of KBH,, 
5 wm of butyrate, all reagents except the borohydride being adjusted to 
pH 8.0 initially. The blank contains all the components except the sub- 
strate. The reaction is started.by addition of enzyme (10 to 250 y of 
protein in 0.05 ml.) and the two tubes are incubated at 38° for 10 minutes. 
At the end of this period the contents of each tube are added with rapid 
mixing to a solution containing 2.0 ml. of saturated NaCl solution, 0.4 ml. 
of NazsCO;-NaCN solution (106 gm. of anhydrous NazCO;, 2.2 gm. of 
NaCN in 500 ml.), and 0.4 ml. of nitroprusside reagent (27 mg. of sodium 
nitroprusside per ml.). The difference in optical density at 520 my be- 
tween experimental and blank tubes provides a measure of the reaction. 
Enzyme concentration is adjusted to give a difference in optical density 
at 520 my, in the range of 0.075 to 0.250. Within this range the AD52 
is strictly proportional to enzyme concentration. It is also linear with 
respect to time between 5 and 60 minutes, provided that oxygen is ex- 
cluded (nitrogen atmosphere) during the longer periods and the disappear- 
ance of free —SH does not exceed approximately 75 per cent of the reduced 
CoA added initially. Under the conditions of the assay a difference of 
0.210 in optical density corresponds to the disappearance of 0.10 um of 
CoASH (GSH was used as a primary standard). 1 enzyme unit is defined 
as 1.0 um of CoASH reacting in 60 minutes. Specific activity equals units 
per mg. of enzyme. 


Purification of FAAE 


Source of Enzyme—The presence of the enzyme can be demonstrated in 
extracts prepared by comminuting heart, liver, or kidney of hogs or cattle 
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in phosphate or bicarbonate buffer and then removing particulate matter 
after precipitation at pH 5.4. Extracts from acetone-dried particles pre- 
pared as described below show specific activities 10 to 50 times greater. 
For routine preparation of the enzyme, beef liver has been found to be a 
satisfactory starting material. 

Preparation of Acetone-Dried Particles—Fresh beef liver, chilled in ice 
immediately at the slaughter-house, is freed of connective tissue and di- 
vided into 100 gm. portions (all operations at 1-5°). Each portion is then 
cut up into smaller fragments and added to 300 ml. of a solution contain- 
ing 85 gm. of sucrose and 5 gm. of K,HPOs, per liter. The mixture is 
blended for about 50 seconds in Waring blendors operating at half maximal 
speed, and the pH maintained at 7.0 by the addition of 6m KOH. The 
homogenate derived from 1 kilo of liver is centrifuged at 1600 r.p.m. 
(2300 X g) for 6 minutes in the 4 liter International centrifuge. The 
supernatant fluid is passed through two layers of cheese-cloth and added 
to 10 liters of 0.9 per cent KCl with stirring. The suspension is then cen- 
trifuged in the Sharples supercentrifuge and the particulate matter scraped 
from the bowl, suspended in a total volume of 400 ml. by brief blending 
with 0.9 per cent KCl, and stirred into 4 liters of acetone at —15°. The 
mixture is filtered with suction, and the insoluble material is washed with 
additional acetone and air-dried rapidly. 1000 gm. of liver yield 40 to 50 
gm. of dry, light tan powder; 150 to 200 gm. can conveniently be obtained 
in 1 day’s work. 

Extraction and Fractionation—100 gm. of acetone powder are suspended 
with vigorous stirring in 1 liter of 0.02 m K,HPO, and extracted for 1 hour 
at 0°. The insoluble residue is removed by centrifugation at 2300 X g. 
The dark red extract (Fraction A, Table I, 15 to 30 mg. of protein per ml.; 
50,000 to 150,000 units of enzyme from 100 gm. of acetone powder) is then 
fractionated with solid ammonium sulfate. The precipitate formed on 
addition of 20 gm. per 100 ml. of solution is discarded, while the precipitate 
formed on the further addition of 15 gm. is collected and redissolved in a 
minimal volume of 0.02 m KHCO; (Fraction B). 

Refractionation with Ammonium Sulfate—Fraction B is diluted to a pro- 
tein concentration of 15 mg. per ml. and refractionated with solid ammon- 
ium sulfate; the fractions from 0 to 20 gm. of (NH,4)2SO, per 100 ml. are 
discarded, and those from 20 to 24, 24 to 28 (Fraction C), and 28 to 31 gm. 
of (NH4)2SO, are collected. The two side fractions are pooled and refrac- 
tionated once more. Again the fraction precipitating between 24 and 28 
gm. of (NH,4)2SO, (Fraction C-1) is the one of highest specific activity and 
can be combined with Fraction C. The enzyme is dissolved in 0.02 m 
KHCO; and the solution dialyzed against 200 volumes of the same buffer 
for 3 hours. 
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Treatment with Alumina Cy—The dialyzed enzyme is adjusted to a pro- 
tein concentration of 20 mg. per ml., and 8 mg. of alumina Cy gel are 
added for each 10 mg. of protein. This will lower the protein concentra- 
tion to about 2 mg. per ml. and remove almost all colored impurities. The 
gel should be added rapidly with good stirring and centrifuged immedi- 
ately. The supernatant solution is treated with 35 gm. of solid (NH4)2SO, 
per 100 ml., the pH adjusted to 7.0 by means of NH,OH, and the precipi- 
tated enzyme dissolved in 0.05 m KHCO; (Fraction D). 

Ammonium Sulfate Fractionation at pH 8.0—Fraction D is dialyzed for 
2 hours against 0.02 m KHCO; and then refractionated with saturated 
(NH,)2SO, solution adjusted to pH 8.0. Four to five fractions are col- 
lected stepwise between the limits of 30 and 50 per cent of saturation. 


TaBLeE I 
Purification of FAAE 





Fraction | Specific activity* | Recovery of units 
j iG fe peg hae Te | | ears " i cent 
Acetone powder extract............. | A | 2.0-4.0 | 100+ 
Ist (NH,4)2SO, fractionation......... B | 7.0 | 85 
2nd zi METV ibe) Guta ose: > | 16.0 31 
Reractionation : 6... 6... cies. C-1 | 14.2 28 
COLT er i a he D | 25 24 


(NH,)2SO, fractionation at pH 8.0... E | 36 15 


* Enzyme units per mg. of enzyme. 
+ Arbitrarily taken as equal to 100. 


The fractions of highest specific activity are pooled and constitute Frac- 
tion E. 


Purity of Preparation 


Enzymatic Criteria—Enzymatic preparations of specific activity 25 or 
greater are free of the following activities: inorganic pyrophosphatase, 
nucleotide pyrophosphatase, adenylate kinase, phosphatases acting on 
AMP, ADP, and ATP, the activation enzyme for acetate (10), higher fatty 
acids (12), 8-keto acids? and succinate (15), fatty acid oxidase (16), 8- 
hydroxy acid dehydrogenase’ (16), acetoacetate cleavage enzyme (17), 
malic dehydrogenase, and condensing enzyme (18), as well as any deacyl- 
ases for the acyl CoA formed by the enzyme. 

Physical Criteria—Preparations at the Fraction E stage (specific activity 
30 to 40 units per mg.) show a single peak when examined in the analytical 
ultracentrifuge (Fig. 1). On the basis of the calculated sedimentation 


2 Mahler, H. R., unpublished observations. 
3 Beinert, H., Green, D. E., and Stansly, P., unpublished observations. 
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‘0- constant (S2o,. ~~ 4), the protein would have a comparatively low molecu- 
re lar weight (80 to 60,000). 
‘a- When similar preparations are examined electrophoretically, however, 
he small amounts of contaminating proteins may be observed (Fig. 2). The 
di- major peak, comprising ~60 per cent of the total protein, does carry all 
O, enzymatic activity, however. No stimulation of the activity of the main 
pi- component is observed by combination with either of the minor compo- 
nents. There is a definite decrease in specific activity on prolonged di- 
for alysis preparatory to electrophoresis of the Fraction E enzyme (from 36 to 
ed 25), and, therefore, at least part of the contaminating protein may repre- 
ol- sent denatured enzyme. 
on. 
| a 
nits 
aa a i 
i\—. en 
——=> 
Fia. 1 Fia. 2 


Fig. 1. Tracing of velocity sedimentation photograph of an undialyzed enzyme 
for 61 minutes after full speed (60,000 r.p.m.) was attained. Protein concentration 
0.82 per cent; temperature 25-27°. 

Fig. 2. Tracing of electrophoretic schlieren pattern of FAAE, specific activity 25 
in 0.10 m Tris chloride buffer, pH 8.0, after 12 hours dialysis against the same buffer 
(specific activity before dialysis, 36). 7.3 volts per cm. for 450 minutes; mobility 
of the major component, 3.2 X 10-5 cm.? X volt™! X sec.~!. 
rac- 

Absorption Spectrum—There is no light absorption at wave-lengths 
greater than 340 mu, while the ultraviolet absorption spectrum shows the 
usual protein peak at 280 my (19). 


> or 


ase, Properties of FAAE 

on Turnover—Our best preparation catalyzes the conversion of 0.84 um of 
atty butyrate to butyryl CoA per mg. per minute under standard assay condi- 
|, B tions; at pH 10 and with heptanoate as a substrate the conversion was 5.8 
17), uM per minute per mg.; this corresponds to a turnover of approximately 
cyl- 480 moles of substrate X moles! of enzyme X min.~!, assuming a molecu- 

lar weight of 50,000 and a purity of 60 per cent for the enzyme. 

vity Stability—The purified enzyme is unstable below pH 5.8 and above pH 
tical 10, even in the presence of its substrates and at 0°. At pH 8 it was inac- 
ition tivated about 50 per cent on heating to 50° for 5 minutes. Dilute aqueous 


solutions of the enzyme deteriorate rapidly, but can be stabilized com- 
pletely if albumin, glutathione, and 0.01 m bicarbonate are added. For 
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this reason, enzyme dilutions for assay purposes are made by means of a 
solution containing 100 mg. of crystalline serum albumin, 1 mm of KHCOs, 
and 1 mm of GSH per 100 ml. 

pH Optimum—Although standard assay conditions call for pH 8.0, 
largely as a matter of convenience to minimize oxidation of the free —SH 
group of CoASH, the rate of the enzymatic reaction is faster in the more al- 
kaline pH range (Fig. 3). Within the pH limits shown, with glycylglycine, 
Tris, and Diol buffers, the rate is directly proportional to pH, indicating 
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Fia. 3. Effect of pH on acylation rate. Standard assay conditions were used 
(see the text) except that 50 um of the following buffers were employed in the pH 
range indicated: Tris (7.0 to 9.0), glycylglycine (7.0 to 9.0), Diol (8.0 to 10.5). 14 y 
of enzyme of specific activity 30 were used. 


that the rate law for the reaction probably contains a term involving the 
concentration of OH-. If phosphate buffer is used in the pH range be- 
tween 7.0 and 8.0, the rate is depressed 30 per cent compared to that of 
glycylglycyl or Tris, while glycine buffer in its pH range depresses the 
rate 70 per cent or more when compared with-Diol. 

Requirements for ATP and Metal Ions—Fig. 4 shows the variation of rate 
with ATP concentration. Half saturation is observed at approximately 
5 X 10*m. AMP or ADP are completely incapable of substituting for 
ATP. These two nucleotides are, however, effective and reversible inhib- 
itors of the reaction with ATP. With the standard concentration of ATP 
in the system (5.5 X 10-* m) 50 per cent inhibition is observed with 2.5 X 
10-* m AMP or 3.5 X 10*m ADP. Divalent metal ions are required for 
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optimal activity of the purified enzyme. Even after prolonged dialysis 
and incubation of the enzyme with Versene or Dowex 50 to remove any 
bound cation, the enzyme catalyzes Reaction 1 in the complete absence of 
added metal ions at about half the maximal rate. The cation requirement 
is satisfied equally well by Mg++ or Mnt (concentration versus rate for 
MgCl: shown in Fig. 4). Potassium ion is not required for the reaction, 
nor is there any evidence for the kind of inhibition by sodium ions which 
Von Korff has reported for the analogous reaction with acetate (20). 
Requirement for Coenzyme A—The nature of the assay system precludes 
the exact determination of the variation of rate with CoA concentration, 
since by definition a standard amount of CoASH is required. It can be 
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Fia. 4. Effect of ATP and Mg** concentration on acylation rate. Standard 
assay conditions with the amount of the component per 0.2 ml. of reaction mixture 
varied as shown. Enzyme concentration similar to that in Fig. 3. 


shown, however, that the amount of CoASH actually used is probably 
maximal, since the rate is the same at half or twice the standard concen- 
tration. Other sulfhydryl compounds, such as glutathione, thioglycolate, 
cysteine, and LBF in their reduced form, as well as synthetic pi-thioctic 
acid, cannot substitute for CoA in the reaction. 


Substrate Specificity 


The FAAE catalyzes the activation of a wide variety of saturated fatty 
acids and their oxidized derivatives. When the various acids tested are 
compared at approximately equal concentrations, the results of Table II 
and Fig. 5 are obtained. 

Saturated Fatty Acids—Fig. 5 shows the rate of reaction as a function of 
chain length; the curve is almost symmetrical, having a peak at Cy. 
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Effect of Substitution—The introduction of various substituents other 
than methyl groups profoundly affects the ability of such compounds to 
act as substrates. Unsaturated fatty acids, however, are attacked at ap- 
proximately the same rate as are their saturated counterparts (Table II). 

Michaelis Constants—For a more valid comparison of relative rates, 
values at one substrate concentration are insufficient. For this reason 
substrate concentrations for five typical compounds were varied over a 
wide range and their effect on rate determined. When the results for 
octanoate, heptanoate, butyrate, 6-hydroxyoctanoate, and sorbate are 











TasBie II 
Specificity of FAAE 
Acid pgp Acid | Sea 
Cy 150 Cs | 280 
A? 3 100 a-Amino | 0 
A-3-4 100 A?»3 (trans) | 270 
a-Hydroxy 55 A?+3, At. 300 
B-Hydroxy 50 B-Hydroxy 140 
B-Keto 0 | 
y-Carboxyl (succinate) 0 | Benzoic | 55 
a-Methyl 101 | Phenylacetic 80 
Cs; 250 | 2,4-Dichlorophenoxyacetic | 25 
B-Keto 20 | 
B-Methyl 183 | | 
y-Methyl 255 | | 





The system contained 25 um of Diol buffer, pH 9.0, 1.1 um of ATP, 4.4 um of MgClo, 
0.17 um of CoASH, 14 y of enzyme (specific activity 30), and 2 um of the substrates 
The blank contained all the components except the substrate. 


shown, in 0.20 ml. 


Incubation time, 10 minutes at 38°. 


Determination of the extent of reaction as 


described in the text. 


plotted by the method of Lineweaver and Burk‘ (21) (Fig. 6), the following 





Ki, and V values 


can be determined. 


Octanoate. Kn = 1.53 X 10-* m, V = 5.75 X 10-5 mm per min. per 14 y enzyme 
Heptanoate. Y MH “atx” “ =~ “mr « 
Butyrate. *wixwe* “w=t7xe" * Um EC 
B-Hydroxy- 

octanoate. oe oe “gwen ee UM 
Sorbate. Se tee? neta” * *. * er 


Although the maximal. velocities are in the order corresponding to the 


4 For actual calculations the curves for the individual acids were plotted on sepa- 
rate graphs with more appropriate axes. 
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results of Fig. 5, octanoate and not heptanoate shows the lowest Michaelis 
constant. 

Nature of Product—That the product of the reaction is an acyl-substi- 
tuted CoA derivative is a corollary of the assay system. Additional evi- 
dence to establish this point has also been collected: The acyl SCoA can 

































Cc 
a) 4 B-OHC, 
= 
} x100 
w 
0.300} 5 90 
) z 
z S 80 
2 x 
© 70 
Z 
rf 0.200+ 5 60 
e < 
2 ws 50 
a ° 40 
} 0.100 + = 30 
= 
220 
" 
> 
< 10 
oq ! s 1 1 n n n 1 1 1 
2345 10 i 2 ." 6, 7 8 
CARBONS IN CHAIN 17CS7 = MOLES™ X ML 
Fig. 5 Fic. 6 
b Fic. 5. Rate as a function of chain length of fatty acid. Standard assay con- 
oa dition, with 50 um of Diol, pH 9.0, as buffer. Amount of substrate added 4 um for 
Sy acetate, propionate, butyrate, and valerate, 2 um for caproate, heptanoate, and 
- caprylate, 0.5 um for pelargonate and caprate, 0.1 uM for laurate and myristate. En- 


zyme concentration similar to that in Table II. 

Fig. 6. Lineweaver-Burk plots for fatty acid substrates. Standard assay con- 
ditions with the fatty acid concentration varied as shown: C4 = butyrate, C7 = 
heptanoate, Cs = caprylate, AAC, = sorbate, B-OHCs = B-hydroxyoctanoate. All 
concentrations (S) are expressed as micromoles X ml.~!; all rates (V) as micromoles 
i X min.-! X ml.-!. Enzyme concentration as indicated in Table II. 
be converted to the corresponding hydroxamic acid by addition of hy- 
droxylamine at neutral pH, either to the reaction mixture (10) or at the end 
of the reaction after deproteinization. In either case the reaction products 
derived from butyrate and octanoate have been chromatographed on paper 
he and found to be identical with the hydroxamic acids formed chemically. 
(Rr = 0.15 and 0.95, respectively, in the benzene-formic acid-water sys- 
tem (22).) Another demonstration comes from large scale isolation ex- 


periments. Butyryl CoA and crotonyl CoA have been obtained on a pre- 


pa- 
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parative scale by incubation of the salts with ATP, Mgt*, CoA, and 
enzyme? (10, 23). 

Finally, acyl CoA formation can be followed directly by measuring the 
increase in optical density at 232 my, the ultraviolet absorption peak (24) 
(Fig. 7). With fatty acid in excess, the amount of reaction is proportional 
to the total CoA added and corresponds to 80 to 90 per cent conversion, 
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Fia. 7. Direct demonstration of acyl] CoA formation. In Curve A, each experi- 
mental tube contained 1 ym of butyrate, 0.17 um of CoASH, 0.2 um of ATP, 1 um of 
MgCl, 5 um of glycylglycine, pH 8.0, and 50 y of enzymein 0.2 ml. Blanks prepared 
similarly without butyrate. All tubes were incubated for the time shown, depro- 
teinized by immersion in a boiling water bath for 5 seconds, chilled, 3 ml. of water 
added, centrifuged, and read at 232 mu against the appropriate blank. A ADo32 of 
0.240 corresponds to complete reaction of all the CoA added, assuming e = 4.3 X 
10° (24). Curve B, similar to the previous experiment, except that 0.34 um of CoA 
was added per tube; AD232: = 0.480 corresponds to complete acylation. 





assuming a molecular extinction coefficient of 4.3 X 10° cm. per mole for 
the compound formed. 


Nature of Reaction 


Stoichiometry—The data summarized in Table III indicate that the reac- 
tion catalyzed by the enzyme fulfils the requirements of Reaction 1. De- 
crease in free —SH and ATP is equivalent to the formation of hydroxamic 
acid, AMP, and P-P; at various levels of substrates and for both fatty 
acids tested. 


5 Beinert, H., and Stansly, P., unpublished observations. 
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Reversibility—The reaction catalyzed by the FAAE can be reversed if 
stoichiometric amounts of the reactants are used first to form the acyl 
SCoA and then a large excess of pyrophosphate is added (Fig. 8, Curve E). 











TaBLeE III 
Stoichiometry of Fatty Acid Activation 
A 
Experiment | Substrate | - 

rey | -su | Hydor | p p-P, | ATP | ADP | AMP 

| | amic | : ‘it | | 

uM uM uM uM pM pM | pM 

la C, —0.48 | +0.52 | +0.012 | +0.58 | | | 
lb | Cs —0.20 +0.18 | | 
2 | Cs +1.37 | +0.08 | +1.36 | —1.45 | +0.02 | +1.41 








Experiment 1a—The reaction mixture contained 100 um of glycylglycine buffer, 
pH 8.0, 4.0 um of ATP, 20 um of MgCle, 0.7 um of CoASH, 20 um of K butyrate, and 80 
y of enzyme (specific activity 30); the blank contained all the components except 
butyrate. Incubation period, 10 minutes at 38°. At the end of this period the 
tubes were chilled in ice, brought to pH 2.0 by means of HClO,, and immediately 
reneutralized with KOH to pH 8.0. 0.2 ml. aliquots were then withdrawn and 
treated as follows: for —SH according to the method described in the text; for 
hydroxamic, 200 um of freshly neutralized NH,OH-HClI were added and the mix- 
ture incubated at 38° for 5 minutes; 0.2 ml. of HCl and 0.2 ml. of FeCl; reagent (13) 
were then added and the optical density at 540 mp determined. P; was estimated 
after deproteinization with 5 per cent trichloroacetic acid by a micro adaptation of 
the method of Fiske and Subbarow, while P-P; was determined as inorganic phos- 
phate by the same method after incubating the aliquot for 30 minutes with yeast 
pyrophosphatase, followed by deproteinization with 5 per cent trichloroacetic acid. 

Experiment 1b—The reaction mixture contained 50 um of glycylglycine buffer, 
pH 8.0, 2.0 um of ATP, 10 um of MgCle, 0.40 um of CoASH, 5 um of K octanoate, and 
40 y of enzyme (specific activity 30) plus 360 'y of yeast pyrophosphatase in 0.5 ml. 
Determinations as under Experiment 1a. 

Experiment 2—The complete system contained 250 um of glycylglycine buffer, 
pH 7.3, 2.8 um of ATP, 40 um of GSH, 10 um of Mg**, 3 um of salt-free NH.OH, 0.1 
um of CoA, 25 um of K octanoate, and 4.5 mg. of FAAE (specific activity 15) in a 
total volume of 4.0 ml. Two blanks were run, one without butyrate and one depro- 
teinized at zero time. All determinations as described under ‘‘Materials and meth- 
ods.”? The zero time and butyrate-free controls agreed within the experimental 
error. 





AMP cannot be employed for this purpose because of its large absorption 
in the ultraviolet. Qualitatively similar results are also obtained if —SH 
disappearance is used as a measure of the reaction; reversal in the presence 
of excess AMP can then be demonstrated. 

Equilibrium Constant—The data of Fig. 8 can be used for a calculation 
of the equilibrium constant. In the forward direction the increase in Doz 








464 FATTY ACID OXIDATION. I 


corresponds to a formation of 0.047 um of heptanoyl CoA. This value, 
plus the initial concentrations of the various reactants, can be used to 
calculate the equilibrium constant defined in Reaction 1, a.® 


Goa) Kg, = AMPCIP-Pr*I[RCOSCoA] _ (0.047)? . 
a **  [ATP*][CoASH][RCO.] (0.013) (0.030) (0.25) 





1.11 


The disappearance of heptanoyl CoA (Curve E) on addition of a known 
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Fia. 8. Reversibility of reaction catalyzed by FAAE. In Curve A, each tube 
contained 0.3 um of heptanoate, 0.077 um of CoASH, 0.060 um of ATP, 0.60 um of glycyl- 
glycine buffer, pH 8.0, and 60 y of enzyme (specific activity 32) in0.3 ml. Mixture 
incubated at 38° for the time shown, 0.7 ml. of 0.1 m KH2PO, added to stop the reac- 
tion, and optical density at 232 my determined (final volume 1.0 ml.). Curve C, 
similar to Curve A, but 100 y additional enzyme added at point 1. Curve D, similar 
to Curve A, but 1 um of phosphate, pH 8.0, added at point 1. Curve E, similar to 
Curve A, but 0.91 um of pyrophosphate, pH 8.0, added at point 7. All values cor- 
rected for blank without heptanoate (AD232 after 20 minutes, 0.020). 


amount of pyrophosphate forms the basis of a second calculation of K.... 
This value equals 1.48. 

Although considerably greater experimental uncertainties are involved in 
calculating equilibrium constants from —SH disappearance as measured 
by the nitroprusside reaction, measurements under a variety of experi- 
mental conditions, in both directions, have given values lying between 1.0 
and 8.0, in good agreement with the previous results. 

The above results leave no doubt that acyl CoA derivatives are high 


6 The equilibrium constant with the ionic species as defined here was used for two 
reasons: (a2) H+, OH-, or H.O does not enter the equation, simplifying calculations, 
and (6) at pH 8.0 the adenosine phosphates actually occur almost completely as the 
species shown (25). 
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energy compounds, in agreement with previous findings on acetyl CoA 
(26-28). The exact determination of the free energy of Reaction 2 


(2) RCOSCoA + H.O = RCO.H + CoASH 


i.e. the A F° of hydrolysis of the acyl CoA bond, would depend on an exact 
knowledge of AF° for the following reactions (according to the convention 
suggested by Oesper (29) of using total concentrations of reactants, with- 
out regard to ionic species, and an activity of 1 for water, as the stand- 
ard states). 


(3) ATP + H.0 = ADP + Pi; AF° = —10,000 calories (30) 
(4) ADP + H.0 = AMP + P;; AF° = —9600 calories (31) 
(5) 2P; = P-P; + H.0; AF° > 8000 calories (32) 


The AF® of Reaction 1 is approximately 0 and certainly higher than — 1000 
calories. If Reaction 1 is rewritten to conform with the above convention, 
we have 


(6) P-P,; + RCOSCoA + AMP = ATP + CoASH + RCO.H; AF° ~ 500 calories 


Adding AF® for Equations 3 to 6, we obtain the AF° for Reaction 2 as 
> —11,000 calories, subject to the experimental uncertainties in the various 
determinations, which are most severe for Reaction 5. In any event, the 
experimentally determined values indicate that the free energy of hydrol- 
ysis of acyl CoA must be comparable to that for the hydrolysis of ATP. 


DISCUSSION 


In spite of the wide range of fatty acid substrates reacting with the 
FAAE, there is no indication that more than a single enzyme of more 
restricted specificity is involved. On the contrary, all preparations beyond 
the Fraction D stage always show the same specificity, at least as far as 
saturated, straight chain fatty acids are concerned. Taking the ratio, rate 
with butyrate to rate with octanoate to rate with heptanoate, as a critical 
test, we find that it is 1.00:1.5(+0.15):1.8(+0.20). This ratio does not 
change on repeated refractionation of the enzyme with ammonium sulfate 
or alcohol, after adsorption and differential elution from a wide variety of 
gels, and on partial denaturation by heat or low pH. The ratio also re- 
mains constant whether fractions of low or high specific activity are tested. 
Similarly, on electrophoresis of the enzyme the sample from the descending 
limb containing only the main peak plus the slowest component, the sample 
from the ascending limb containing only the fastest component, and the 
unseparated mixture of all three components all showed this same ratio. 

Three different enzymes are concerned in the activation of saturated 
fatty acids from C2 to Coo: the acetate enzyme (10, 11) for C2 and C;, the 
FAAE for C, to Cy, and the enzyme described by Kornberg (12) for fatty 
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acids of chain length greater than Cy. All these enzymes form the high 


energy compound acyl SCoA at the expense of ATP, with AMP and P-P, 
as the other products. 


Materials and Methods 


The following were the sources of the reagents used in this investigation: 
ATP (>95 per cent pure) was supplied by the Pabst Laboratories, AMP 
and ADP by the Schwarz Laboratories and the Sigma Chemical Company, 
respectively; CoA was prepared from brewers’ yeast by Mr. Sam Shahinian 
by the method of Beinert et al. (83); reduced CoA by sodium amalgam 
reduction (10); GSH and cysteine were commercial preparations; alumina 
Cy prepared according to Willstatter and Kraut (34); and hydroxylamine 
low in salt content obtained by the procedure of Beinert et al. (10). The 
fatty acids used had been purified previously and neutralized to pH 8.0 by 
means of KOH. The following analytical procedures were employed: hy- 
droxamic acid according to Lipmann and Tuttle (13), paper chromatog- 
raphy of hydroxamates (22), free sulfhydryl (14), ATP, ADP, and AMP 
by differential chromatography on Dowex 1 (385), inorganic phosphate 
according to Fiske and Subbarow (36), or a micro adaptation thereof, 
inorganic pyrophosphate either as the phosphate hydrolyzable in 10 
minutes in 1 N H,SQ,, provided nucleotide phosphate was absent, or as 
phosphate hydrolyzable by yeast pyrophosphatase (37). Protein was es- 
timated by the biuret reaction (38). 


SUMMARY 


The fatty acid activating enzyme (FAAE), which catalyzes the forma- 
tion of acyl CoA from a wide variety of fatty acids in the presence of CoA 
and ATP, has been obtained in highly purified form from beef liver. Evi- 
dence for the formation of inorganic pyrophosphate and AMP in stoichio- 
metric amounts has been presented. The reaction is reversible, with an 
equilibrium constant close to unity, thus demonstrating that the acyl CoA 
derivatives formed are “high energy” compounds. An appropriate assay 
for reactions of this kind involving the disappearance of free sulfhydryl 
groups on CoA has been described. 


The authors wish to thank Dr. David E. Green for many helpful discus- 
sions throughout this investigation. Dr. Leo P. Vernon and Mrs. R. Rich- 
ard collaborated in the early phases of the investigation, and Mrs. C. 
Quatsoe provided competent technical assistance throughout. Mr. E. 
Hanson examined our material in the ultracentrifuge. 
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ergy Commission (contract No. AT(11-1)-64). Generous supplies of tis- 
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THE EFFECT OF ASCORBIC ACID ON THE ENZYMATIC 
FORMATION OF THE CITROVORUM FACTOR* 


By CHARLES A. NICHOL} 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, March 30, 1953) 


May and coworkers (1-3) demonstrated that the production of a scorbu- 
tic state in monkeys led to the development of a megaloblastic anemia, a 
condition which responded promptly to treatment with pteroylglutamic 
acid (PGA) or to very much smaller amounts of synthetic citrovorum factor 
(leucovorin or folinic acid-SF).'' It has been shown that the administra- 
tion of ascorbic acid to normal human subjects ingesting PGA caused a 
3-fold increase in the amount of citrovorum factor (CF) excreted in the 
urine (4-6). Also, scorbutic patients were shown to excrete little or no 
CF in the urine when given similar test doses of PGA, even though absorp- 
tion of the substance was apparently normal (6); the excretion of signifi- 
cant amounts of CF occurred only after prolonged treatment with ascorbic 
acid (6, 7). Nichol and Welch (8) reported that the formation of CF by 
slices of rat liver incubated in a medium containing PGA was augmented 
by the presence of ascorbic acid. Finding conditions suitable for the ac- 
tivity of this system in cell-free preparations of liver (9) has made possible 
a more detailed study of the effect of ascorbic acid on the enzymatic forma- 


tion from PGA of compounds which, unlike PGA, promote the rapid growth 
of Leuconostoc citrovorum. 


EXPERIMENTAL 


Preparation of Tissue—Rhode Island red chicks, obtained from a com- 
mercial hatchery, were fed a purified diet which contained casein, gelatin, 


* This investigation was supported, in part, by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 

+ Scholar in Cancer Research of the American Cancer Society. Present address, 
Department of Pharmacology, Yale University School of Medicine, New Haven 11, 
Connecticut. 

1 The term pteroylglutamie acid (PGA) has been restricted to the synthetic com- 
pound, and citrovorum factor (CF) to the substance or substances active in pro- 
moting the rapid growth of Leuconostoc citrovorum 8081, while the term folic acid 
(FA) has been considered as a generic term applicable to a group of substances, 
including PGA and CF, which stimulate the growth of Lactobacillus casei and Strep- 
tococcus faecalis. 
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glucose, succinylsulfathiazole (2 per cent), and adequate micronutrients, 
with the exception of folic acid. When signs of folic acid deficiency were 
apparent, the birds were decapitated and the livers were removed and 
placed in ice-cold isotonic KCl. Homogenates were prepared in a glass 
homogenizing tube with the addition of cold phosphate buffer (0.1 m, pH 
6.2) so that 6 ml. contained 1 gm. of tissue, wet weight. In each experi- 
ment the several reaction vessels contained aliquots of the same homog- 
enate. 

Incubation Procedure—Small beakers (20 ml.) were held in a rack which 
oscillated in a 37° water bath and was equipped with two hoods in order 
that duplicate vessels might be equilibrated separately with gases, the one 
with 100 per cent nitrogen and the other with 100 per cent oxygen. The 
volume of the incubation mixture in each experiment was 4.0 ml.; this 
consisted of 3.0 ml. of a 1:5 homogenate of liver, 0.5 ml. of a solution of 
pteroylglutamic acid (440 y per ml.), and 0.5 ml. of buffer or a freshly 
prepared solution of sodium ascorbate in buffer (added immediately before 
the incubation). In some experiments, ascorbate was compared with other 
reducing agents similarly prepared. 

Microbiological Assay—Immediately following incubation, the samples 
were heated at 15 pounds pressure for 20 minutes, transferred to calibrated 
glass-stoppered tubes, diluted to 25 ml. with distilled water, shaken thor- 
oughly, and filtered. The addition of ascorbate to aliquots of various 
samples at the end of the incubation and immediately before heating did 
not alter the yield of CF. The clear filtrates were assayed microbiologi- 
cally with L. citrovorum (ATCC No. 8081), with the medium described by 
Sauberlich (10). After incubation for 18 hours at 37°, the turbidity of the 
10 ml. assay tubes was measured in a Klett-Summerson photoelectric 
colorimeter with filter No. 66. A solution of the barium salt of synthetic 
CF was used as a reference standard; the activity was expressed in terms 
of the free acid. Assay of standard solutions of synthetic CF (leucovorin?) 
for microbial activity (Lactobacillus casei; S. faecalis), in comparison with 
PGA, indicated that on a weight basis only 50 per cent of synthetic CF 
was active. Since all CF activity should be measured by such assays, it 
was assumed that only 50 per cent of the material present in the synthetic 
reference standard was active for L. citrovorum; the significance of this 
situation has been discussed elsewhere (11). Accordingly, in these studies 
the results of assays for CF are expressed in terms of the naturally occurring 
material which was regarded as being exactly twice as active for the assay 
organism as was the synthetic CF employed. In other studies, in which 
the amounts of CF reported are based directly on standards of similar 


* Leucovorin and pteroylglutamic acid were kindly supplied by the Lederle Lab- 
oratories Division, American Cyanamid Company, Pearl River, New York. 
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synthetic material, it will be necessary, for comparison with these results, 
to halve the former values. The yields of CF are expressed in micrograms 
per gm. of liver, wet weight. 


Results 


The rate of formation of CF under aerobic and anaerobic conditions was 
studied both in the presence and in the absence of added ascorbate (Fig. 
1). Duplicate series were incubated at the same time under atmospheres 
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Fig. 1. A comparison of the effect of aerobic and anaerobic conditions on the 
rate of formation of CF from PGA by a chick liver homogenate. See the text for the 
details. 

Fia. 2. The effect of ascorbate on the formation of CF from PGA by a chick liver 
homogenate. See the text for the details. 


of oxygen and nitrogen. In the vessels incubated under oxygen without 
addition of ascorbate, negligible yields of CF were observed, with the 
exception of the first sample which was incubated for 15 minutes. In the 
comparable series containing ascorbate (20 mg. per 4 ml.), marked synthe- 
sis of CF occurred, which led to a maximal yield within 2 hours. The 
differences due to the addition of ascorbate were not as marked in the 
incubation under nitrogen because a considerable yield of CF was obtained 
in the control series. However, the presence of ascorbate did increase the 
yield, and by the end of 3 hours more than 25 per cent of the added folic 
acid was converted to CF. In both series with incubation under nitrogen, 
& progressive increase in the formation of CF continued throughout the 
3 hour period. 








472 ASCORBIC ACID AND CITROVORUM FACTOR 


The effect of smaller amounts of ascorbate (2.5, 5.0, and 10.0 mg. per 
4 ml.) was observed in a similar experiment in which the replicate series 
were incubated under oxygen (Fig. 2). In the control series without added 
ascorbate, a small initial production of CF was observed after 15 and 30 
minutes, but after 1 hour or longer negligible amounts of CF could be 
detected. The addition of 2.5 mg. of ascorbate (per 4 ml.) resulted in 
rapid formation of CF; 5.0 mg. caused a nearly maximal effect since the 
addition of twice this amount of ascorbate caused but little further increase 
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Fig. 3. The effect of ascorbate on the stability of CF formed from PGA by a chick 
liver homogenate. See the text for the details. 

Fig. 4. A comparison of the effect of certain reducing agents on the enzymatic 
formation of CF from PGA by a chick liver homogenate. See the text for the details. 


in yield. The largest yield in each of these series was obtained after incu- 
bation for approximately 1 hour; with longer periods, progressively smaller 
amounts of CF were recovered. 

The stability of natural CF, when incubated with homogenates of chick 
liver under aerobic conditions, was then studied. Natural CF was formed 
enzymatically by incubating PGA with a homogenate of chick liver under 
nitrogen; at the end of 1 hour the atmosphere of nitrogen was replaced by 
oxygen, sodium ascorbate (10 mg. per 4 ml.) was added quickly to one series, 
and buffer was added to the control vessels. The incubation was con- 
tinued and the amount of CF was observed at intervals for a period of 2 
hours (Fig. 3). CF disappeared rapidly in the homogenate of liver follow- 
ing exposure to oxygen, whereas the presence of ascorbate not only stabi- 
lized the CF which had been formed during the anaerobic incubation but 
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permitted continued formation of CF under aerobic conditions. In a simi- 
lar comparison, synthetic CF (50 7) was incubated with a homogenate of 
chick liver under oxygen; 95 per cent of the CF activity was recovered at 
the end of 1 hour when 10 mg. of sodium ascorbate per vessel were added 
at the beginning of the incubation, but in the absence of ascorbate only 50 
per cent of the activity was recovered. 

The effect of analogues of ascorbic acid and other reducing agents on the 
formation of CF is shown in Fig. 4. While isoascorbate duplicated the 
effect of ascorbate, cysteine (at twice the molar concentration) was without 
effect. Under comparable conditions glucoascorbate also duplicated the 
effect of ascorbate, while glutathione had no effect; similar results with a 
liver slice system have been reported previously (8). 

When the addition of ascorbate was delayed for 1 hour, at which time 
little CF could be detected, the synthesis of CF was initiated promptly and 
the rate of formation of CF during the next 30 minutes was apparently 
greater than that observed when ascorbate was added at the beginning of 
the incubation (Fig. 4). 


DISCUSSION 


The chemical synthesis of CF (leucovorin and folinic acid-SF) involves 
the addition of 4 atoms of hydrogen to the pteridine ring of pteroylglutamic 
acid and the replacement of one of these hydrogens by a formyl! group; the 
product has been identified as 5-formyl]-5 ,6 ,7 ,8-tetrahydropteroylglutamic 
acid (12, 13). The enzymatic formation of CF apparently involves this 
over-all reaction. In the chemical synthesis of CF, Shive et al. (14) have 
reported that the yield was increased when large amounts of ascorbic acid 
were present during the catalytic hydrogenation of formylfolic acid and the 
heating of the product; a similar result was obtained by maintaining an 
inert atmosphere during the procedure (15). However, in the studies de- 
scribed herein the effect of ascorbate on the formation of CF could not be 
attributed to its presence during the heat treatment of the samples follow- 
ing the incubation, nor did it have any effect when incubated with heat- 
inactivated tissue. Analogues of ascorbate (glucoascorbate and isoascor- 
bate), which have negligible antiscorbutic potency, duplicated the action 
of ascorbate in augmenting the yield of CF. Since cysteine and glutathione 
were ineffective in this respect, a certain structural specificity would appear 
to facilitate the participation of compounds related to ascorbic acid in the 
enzymatic reaction. A similar effect was observed in experiments with 
intact animals; these showed that the administration of ascorbate or glu- 
coascorbate increased the urinary excretion of CF by rats receiving intra- 
peritoneal injections of PGA, while cysteine and glutathione were ineffec- 
tive (6). 

The amount of CF formed (110 y per gm. of liver, wet weight) by the 
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homogenates incubated under optimal conditions was about 20 times the adc 
amount of CF which is found in the liver of normal chicks and more than sup 
100 times the amount of CF which could be released from the folic acid- oce 
depleted tissue used in these experiments. Under different experimental of ¢ 
conditions, Hill and Scott (16) obtained no formation of CF when PGA In | 
was incubated with dilute homogenates of chick liver in the presence of ine 
ascorbic acid. These results do not support their conclusion that “the 

primary réle of ascorbic acid in increasing the CF content of chick liver ] 
homogenates is due to activation of the enzyme which liberates CF from a We 


bound form present in the liver.” The ascorbic acid occurring naturally 
in the tissue would be adequate for the formation of CF for a considerable 
period since under anaerobic conditions it would be protected from de- 1. 
structive oxidation. In the homogenates incubated under oxygen, the 


small peak observed after 30 minutes in the series without added ascorbate ; 
(Fig. 2) may represent the duration of action of the ascorbate occurring 3. 
in the tissue. The duration of action of the added ascorbate was approxi- 
mately 1 hour. Under aerobic conditions in the absence of ascorbate, 4. 
either CF is not formed or that which is formed is destroyed rapidly. The 5. 
occurrence of some metabolic alteration of PGA during the aerobic incuba- 
tion is indicated by the more rapid formation of CF following the delayed 6. 
addition of ascorbate (Fig. 4). The accumulation of a derivative of PGA, 
which in the presence of added ascorbate can be rapidly converted to CF, a. 
is suggested by these findings. P 
The observation that both natural and synthetic CF are susceptible to 9 
enzymatic destruction under aerobic conditions draws attention to the 10 
stability of this vitamin in metabolic studies. The experiments by Hill i 
and Scott (16) on the enzymatic release of CF from conjugates require 12 
revaluation in terms of the action of ascorbic acid in preventing the de- 3 
struction of CF. However, the réle of ascorbic acid in the enzymatic 
formation of CF is not simply in preventing destruction of the product 14 
of the reaction since its presence increases the formation of CF under 
either aerobic or anaerobic conditions. The postulate that ascorbic acid 1 
is required for the metabolic formation of CF is supported also by the 16 


observations of May et al. (1-3) that the development of a megaloblastic 
anemia in experimental monkeys (which responded to treatment with folic 
acid or CF) was dependent upon the use of a scorbutigenic diet and by the 
observations of Welch et al. (6) that scorbutic patients (in marked contrast 
to normal individuals) were unable to form CF from test doses of PGA. 


SUMMARY 


Homogenates of chick liver which were incubated anaerobically in the 
presence of ascorbate were capable of converting up to 25 per cent of 
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he added pteroylglutamic acid to citrovorum factor. Ascorbic acid not only 
n suppressed the enzymatic destruction of natural and synthetic CF which 
d- occurred under aerobic conditions, but also facilitated the active formation 
al of CF. Glucoascorbate and isoascorbate duplicated the action of ascorbate 
A in promoting the formation of CF, whereas cysteine and glutathione were 
of ineffective in this respect. 

he 

er It is a pleasure to acknowledge the interest and advice of Dr. Arnold D. 
7 Welch in this investigation. 
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PROTEIN TURNOVER AND ENZYMATIC ADAPTATION* 


By NORMAN D. LEE ann ROBERT H. WILLIAMS 


(From the Department of Medicine, University of Washington School of 
Medicine, Seattle, Washington) 


(Received for publication, February 6, 1953) 


In bacteria, the presence or absence of specific enzyme activities can 
cequently be related to the presence or absence in the medium of the 
homologous substrate. This relationship between enzyme and substrate 
is surprisingly specific and frequently rapid (of the order of minutes), and 
considerable evidence has been adduced concerning the independence of 
this process from cellular division (1). In view of the nature and circum- 
stances of these relationships this phenomenon is thought to be concerned 
with the adaptive control of enzyme formation. 

Factors controlling enzyme formation have been of considerable interest 
in mammalian studies and have been pursued along numerous lines; a 
voluminous literature on endocrine factors, for instance, exists. How- 
ever, with respect to substrate-induced changes in enzyme concentration, 
investigations of mammalian tissue have been quite different from the 
bacteriological studies. In general, the specificity of the relationship was 
poor. Furthermore, the periods involved were of the order of weeks. 
The work of Lightbody and Kleinman (2) and, more recently, of Mandel- 
stam and Yudkin (3) is typical in this regard; the content of dietary 
protein was precisely correlated with activity in rat liver arginase after 
several weeks of feeding. It is apparent that adaptation, in the sense of 
the bacteriologic experiments, had not been demonstrated here. 

In 1951 Knox showed that the tryptophan peroxidase system of rat liver 
was under adaptive control (4). The intraperitoneal administration of 
L-tryptophan to the intact rat resulted, within a very few hours, in a 
10-fold increase in enzyme activity, and the specificity of this relationship 
was demonstrated in the adrenalectomized rat. Consequently, this was 
the first specific demonstration of a rapid, substrate-induced change in 
enzyme activity, corresponding to the general criteria developed from 
microbiological studies. 

We have been interested in the significance of protein turnover in mam- 
mals, and it was in view of Knox’s experiments that we have investigated 


* This work was supported by the Atomic Energy Commission, contract No. 
AT (45-1)-247. 

+ Present address, Veterans Administration, Medical Teaching Group Hospital, 
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the effect of rapid enzymatic adaptation on protein metabolism. Using 
S*-labeled pL-cystine, we have studied the influence of parenteral L-tryp- 
tophan administration on the protein turnover of rat liver and of such 
cytostructural elements of that organ as can be isolated from isotonic 
sucrose solutions by differential centrifugation. 


Methods 


Treatment of Animals—Male Sprague-Dawley rats, weighing 200 to 250 
gm., were used in all experiments and had been allowed to eat and drink 
ad libitum until sacrificed. They were given a tracer quantity of S%- 
labeled pi-cystine!' in 0.9 per cent saline by injection into the tail vein, 
the time of administration ranging from 3 to 72 hours before sacrifice. 
In the adaptation series essentially the same procedure was followed, ex- 
cept that 8 hours prior to sacrifice 1 mm of L-tryptophan, suspended in 4 to 
5 ml. of 0.9 per cent saline, was administered by intraperitoneal injection. 

Preparation of Liver Cytostructural Elements—The animals were lightly 
anesthetized with ether and their livers were rapidly removed in toto 
and rinsed in ice-cold isotonic alkaline KCl solution. All subsequent steps 
were carried out either in the cold room (0-3°) or under similar conditions 
of refrigeration. 100 ml. of a 5 per cent homogenate were prepared with 
0.25 m sucrose solution and an aliquot (H), representing liver protein, was 
removed for subsequent analyses. 

Fig. 1 is a flow chart describing the centrifugation procedure. Gravi- 
tational forces were calculated from the center of the tubes. The nuclear 
fraction (N) was obtained with a Servall SS-la instrument. The mito- 
chondrial (Mt) and one of the microsomal (MclI) fractions were obtained 
with a Spinco model L centrifuge. A second microsomal fraction (MclI1) 
was obtained by adjustment of 8; to pH 5.0 with acetic acid and centrifu- 
gation. The remaining liquid contained the residual protein (RP) and 
non-protein (NP) fractions. 

Radioactivity Analyses—The various protein preparations were denatured 
with 5 per cent trichloroacetic acid and were then washed and treated with 
B-mercaptoethanol (5). Fat and nucleic acids were extracted and the 
white protein powder deposited on oxidized copper disks (16 sq. cm.), ac- 
cording to the technique of Winnick (6). Radioactivity was estimated 
with a windowless Geiger-Miiller counter. Corrections for coincidence 
and decay were applied when needed. Investigation showed that, within 
the range encountered, protein density was insignificant with respect to 
self-absorption; consequently such corrections wereeliminated. The count- 
ing rate was referred in all cases to a standard cystine-S* dose of 1.26 « 10° 


1 The S*-labeled pi-cystine was synthesized by Dr. Harold Tarver of the Uni- 
versity of California, Berkeley. 
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c.p.m. and the results are expressed as 


Counts per minute 





De: peotela X body weight (kilos) = S. A. (specific activity) 
Chemical and Enzymatic Analyses—Nitrogen was determined by micro- 
Kjeldahl digestion and distillation. Pentose nucleic acid (PNA) was de- 
termined by the orcinol method (7) on extracts obtained by hot 5 per cent 
trichloroacetic acid extraction (8). Protein values were obtained from the 
weight of the dry white protein powder used in preparing the samples for 


HOMOGENATE 
(H] 
600xg, lOmin. 
SUPERNATANT LIQUID + WASHES WASHED NUCLEAR [N] FRACTION 






8000xg, 30min. 
Spinco # 2! rotor. 


COMBINED SUPERNATANT LIQUIDS =MITOCHONDRIA+MICROSOMES 
Swe 3000 xg, !Omin. 
ay Spinco *40rotor. 


£3000 09: (Omin. SUPERNATANT LIQUID WASHED MITOCHONDRIAL 
+WASHES [Mz] FRACTION 







SUPERNATANT LIQUID MICROSOMAL [McI] FRACTION 
S3 


cee ae 
RESIDUAL PROTEIN [RP] 


and NON-PROTEIN [NP] FRACTION = MICROSOMAL [McII] FRACTION 


Fig. 1. Flow sheet of centrifugation procedure for isolation of rat liver cytostruc- 
tures from isotonic sucrose solution. 


radioactivity assay. Succinoxidase was measured manometrically by the 
method of Schneider and Potter (9) and tryptophan peroxidase activity 
by Knox’s method (4).? 


Results 


Chemical and Enzymatic Characterization of Liver Fractions 


Control Series—Table I presents analytical values on the distribution of 
nitrogen, PNA, protein, and succinoxidase activity among liver cytostruc- 
tures obtained from the control series. The values for the H and N frac- 
tions are in agreement with information reported (10-12). The remaining 


2 A pure preparation of Lt-kynurenine, used for standardization, was most gen- 
erously supplied by Dr. W. E. Knox, Tufts College Medical School. 
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fractions were obtained by a different centrifugation procedure, based on 
data presented by Claude (13) and Potter et al. (14), which was designed to 
give (a) an Mt preparation free of the “poorly sedimented” layer (12, 15) 
and (b) microsomal preparations covering a broad range of size (16). 
Potter et al. (14) have shown that centrifugation at 3000 x g for 10 
minutes will sediment mitochondria quantitatively. We have used this 
procedure after the operation at 8000 X g and thus removed the ‘poorly 
sedimented” layer. Completeness of mitochondrial recovery is confirmed 
by the succinoxidase recovery (17). Since the present centrifugation neces- 
sarily places the ‘‘poorly sedimented” layer in the Mcl fraction, this layer 
should be regarded as microsomal on the basis of the high PNA:N ratio, 
the typical reddish hyalinity, and the negligible succinoxidase activity. 
This classification is further supported in the turnover studies reported 


TaBLeE II 


Effect of Intraperitoneal Administration of 1 mm of u-Tryptophan on Tryptophan 
Peroxidase Activity of Rat Liver Homogenates 





Hrs. after tryptophan | Kynurenine formed per hr. per aa 





administration liver, wet weight | No. of determinations 

| 
ba | 

0 0.140 | 16 

1 0.623 | 2 

3 1.29 | 2 

5 1.30 2 

8 0.443 14 








below. The MclII fraction, however, may not be entirely particulate in 
origin. For example, a-ketoglutaric oxidase, a PNA-containing enzyme of 
large molecular weight, may be obtained by isoelectric precipitation in the 
region of pH 5.0 (18). 

Adaptation Series—The intraperitoneal administration of 1 mm of L- 
tryptophan resulted in pronounced alterations in the enzymatic and chemi- 
cal characteristics of the various liver fractions. There was an increase 
in activity of liver tryptophan peroxidase (Table II). Although this in- 
crease was only 3- to 4-fold, it should be recalled that these estimations 
were made 8 hours after tryptophan administration. Within 3 to 5 hours 
the enzyme activity was 10 times that of the control series, thus confirming 
values previously reported (4). On the other hand, the absolute values 
reported in by Knox are approximately 8 times as great as those observed 
in this laboratory. No explanation is offered at present. However, cer- 
tain of our experimental conditions were quite different; 7.e. type of rats, 
dietary régime, etc. 
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Another pronounced change was the loss of nitrogen from the Mt frac- cur 
tion, which was accompanied by a similar loss in protein (Table I). This wh 
change appears to have been due to a shift of protein into the MclI fraction, Mc 
since this showed a reciprocal increase in nitrogen and protein. That the sen 
Mt loss was a destruction of the structures of this fraction is suggested by wa, 
the lower succinoxidase value per gm. of liver, whereas the O2 consumption me 
per mg. of nitrogen for the Mt fraction was substantially that of the control me 
value. diff 
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Fig. 2. Kinetic study of cystine-S** incorporation into the protein of rat liver nati 
cytostructures. P 
Tracer Studies of t 
Control Series—Fig. 2 presents the data obtained from time studies. It - 
: ae ; ; : sho 
can be seen that the specific activity of liver protein became maximal be- ait 
tween 18 and 24 hours after administration of cystine-S**. This value is offe 
in good agreement with that reported by others (19) and by this laboratory ia 
with a different analytical method (5). With the exception of the Mcl | pp 2 
fraction the same specific activity-time relation was observed for all the | ie 
cytostructural liver elements. The MclI fraction, on the other hand, ap- | 4 i : 
pears to have been unique, inasmuch as its specific activity was maximal | ; 
at some time prior to the earliest measurements. In addition, there ap- | () 
pears to have been an inverse relation between this fraction and the MclI | 
and RP fractions. 


A semilogarithmic plot shows the loss of label to follow an exponential (2) 
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curve in all fractions with the exception of the N fraction. The ¢ values 
which can be assigned to these fractions are as follows: H 51.5, Mt 73.0, 
MclI 49.0, McII 45.0, RP 57.0. Although the N fraction did not permit a 
semilogarithmic plot, visual inspection of the data revealed that the 4 
was probably greater than 100 hours. The ¢; value for liver is in fair agree- 
ment with that reported for similar experiments in which S*-labeled pL- 
methionine was used (19). It should also be noted that the distinctly 
different ¢; values for Mt and MclI also support the assignment of micro- 
somal characteristics to the McI or “poorly sedimented” layer. 
Adaptation Series—An expected concomitant of the adaptation process 
in the rat would be some change in the properties and protein distribution 


TaBLe III 


Effect of Intraperitoneal Administration of u-Tryptophan on Protein Turnover of Rat 
Liver Cytostructures during Period of Net Cystine-S** Gain* 




















| Control series Adaptation series 
S. Aun | S. A.2o — S. Aun | S. A.so og 
a — a -~—-——} 

|; Seen ee | 0.78 + 0.066) 0.95 5 + 0.038) 20.5 | 0.75 + 0.023 0.89 + 0.091| 18.7 
NEA | 0.46 + 0.017) 0.51 + 0.019) 10.9 0.46 + 0.016 0.56 + 0.069, 21.7 
Mt. . ad 0.44 + 0.014) 0.55 + 0.013) 20.5 | 0.36 + 0.016 0.52 + 0.017, 44.4 
Mel......| 0.95 -& 0.066] 1.03 + 0.038) 9.47| 0.87 + 0.040 0.90 + 0.022 3.45 
MeRr. 2... 0.84 + 0.052) 1.244 0.050 47.6 | 0.93 + 0. 041) 1.04 + 0. 061) 11.8 
RP.......| 0.64 + 0.043, 1.13 + 0.042) 76.6 | 0.61 + 0. 045, 0.80 + 0. 023 31.1 





Each value is the mean + the standard error of the average of duplicate determi- 
nations on four to six animals. 
*See Equation 1. 


of the liver. The data presented in Tables I and II support this statement. 
However, since a specific increase in enzyme activity was encountered, it 
should be possible to demonstrate changes in protein turnover as well. In 
order to do this two separate experiments were carried out in which the 
effect of adaptation was studied during the period of net incorporation of 
cystine-S* into liver protein (11 to 20 hours after administration of cystine- 
S-*5) and net loss of cystine-S** from liver protein (20 to 44 hours). The 
per cent gain or loss of cystine-S* for the various fractions was calculated 
by Equations 1 and 2. 
(S. A. 20 hrs.) — (S. A. 11 hrs.) 


) -* S. A. 11 hrs. -” 





(S. A. 44 hrs.) — (S. A. 20 hrs.) 
(2) % loss = S.A. 20 bre. xX 100 
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Table III is concerned with animals sacrificed during the period of net 
cystine-S** gain. In comparing the control and adaptation series it is 
apparent that there was no appreciable change with regard to the whole 
liver protein (H). However, with respect to the N and Mt fractions there 
was a 2-fold increase in incorporation of cystine-S** and with respect to the 
MclI, MclII, and RP fractions a decrease in incorporation, ranging from 59 
to 75 per cent. 

During the period of net cystine-S* loss, the results obtained (Table IV) 
were quite similar. No significant changes were noted for the whole liver 
protein (H), whereas there was an increased rate of cystine-S®* loss for 
both the N and Mt fractions. The McI and RP fractions showed a de- 


TaBLe IV 


Effect of Intraperitoneal Administration of u-Tryptophan on Protein Turnover of Rat 
Liver Cytostructures during Period of Net Cystine-S*> Loss* 











Control series | Adaptation series 
ar = — eee cane 
| | 

San | S.A =P sl A iu «>a 
ic eee 0.94 + 0.038! 0.66 + 0.010) 29.8 | 0.89 + 0.091 0.61 + 0.045 31.5 
pe re 0.51 + 0.019 0.49 + 0.021) 3.92 0.56 + 0.069 0.47 + 0.025 16.1 
DRG Ts ss) 0.55 + 0.013 0.42 + 0.012 23.6 0.52 + 0.017 0.37 + 0.032 28.8 
Mer... 1.03 + 0.038 0.68 + 0.010 34.0 0.90 + 0.022 0.65 + 0.026 27.8 
McIlI..... 1.24 + 0.050 0.81 + 0.047, 34.7 | 1.04 + 0.061 0.63 + 0.071 39.4 
| Las 1.138 + 0.042 0.77 + 0.041 31.9 0.80 + 0.023 0.69 + 0.052 13.8 





Each value is the mean + the standard error of the average of duplicate determi- 
nations on four to six animals. 
* See Equation 2. 


creased rate of cystine-S** loss, as would have the MclII fraction had it not 
contained one highly aberrant value. 


DISCUSSION 


Three points related to the above results need discussion before a hy- 
pothesis can be attempted. These are (1) the nature of the change in tryp- 
tophan peroxidase activity, (2) the significance of the shift in protein from 
the Mt to the McI fractions, and (3) the significance of the changes in 
cystine-S* incorporation and loss following tryptophan administration. 

1. The change in activity of tryptophan peroxidase can be regarded as 
either the activation or modification of preexisting proteins or as the 
synthesis of enzyme from structural constituents. Although absolutely 
conclusive evidence cannot be cited in either direction, the fact that the 
increase in enzyme activity can be blocked by amino acid analogues un- 
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related to the substrate (20) favors the view that a de novo synthetic process 
is involved. 

2. The protein shift and mitochondrial destruction observed here are, 
at present, subjects for speculation only. It is conceivable that one of the 
mitochondrial functions is that of a labile protein store which in these ex- 
periments provided the materials for ready enzyme synthesis. Since the 
tryptophan peroxidase system is non-mitochondrial (21), the observed shift 
of protein to a non-mitochondrial fraction is consistent with this view. 

3. The changes in cystine-S** incorporation are rather simply analyzed. 
By definition an increase in the rate of incorporation coincident with an 
increase in the rate of loss of the amino acid is identical with an increase 
in protein turnover. Similarly, coincident decreases in such rates are 
identical with a decrease in turnover rate. However, in view of the nature 
of the data obtained it would be undesirable to make quantitative state- 
ments relating the observed changes in turnover rates to the question of 
net protein synthesis. 

The following description of events involved in enzymatic adaptation 
emerges from these studies. Upon intraperitoneal administration of 1 mm 
of L-tryptophan to the intact male rat, there is a rapid net synthesis of the 
liver tryptophan peroxidase system. This increase is maximal within 3 
to 5 hours and falls off rapidly, although at 8 hours the content of tissue 
enzyme is 300 per cent of base-line values. Accompanying this change is 
a loss of nitrogen and protein from the mitochondrial portion of the liver 
cell, which, with respect to the succinoxidase system, appears to be a non- 
specific destruction. Simultaneously, there is a corresponding increase 
in the nitrogen and protein of that microsomal system richest in PNA. 
Underlying these gross changes are alterations in the protein turnover 
rates of the various cytostructural elements of rat liver; there is an increase 
in the protein turnover of the nuclear and mitochondrial fractions and a 
decrease in the protein turnover of the microsomal and residual fractions. 

In a previous publication the hypothesis was advanced that in rat liver 
there was an adaptive response to metabolic disturbances which was evi- 
dent in terms of protein synthetic activity (22). The present experiments 
constitute a more refined test of this hypothesis. Implicit in this view is 
the statement that, if a single enzyme system were to be elaborated, or 
changed, as a result of a change in the homologous substrates, then a 
reorientation, or generalized change, in the protein turnover of the liver 
should be evident. Since this was found to occur, these results lend validity 
to the hypothesis. 


SUMMARY 


When 1 mo of L-trytophan is intraperitoneally administered to the adult 
male albino rat, the following changes take place: there is a rapid increase 
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in the activity of liver tryptophan peroxidase that is accompanied by an 
apparently non-specific destruction of mitochondrial elements and by a 
change in the rate of protein turnover of all cytostructural elements. 

These results are discussed with respect to the significance of the rela- 
tionship between enzymatic adaptation and protein turnover. 
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STUDIES IN STEROID METABOLISM 
XVI. ISOLATION OF 118-HYDROXY-A‘-ANDROSTENE- 3, 17-DIONE* 


By IVAN I. SALAMON{t anp KONRAD DOBRINER{ 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, February 5, 1953) 


Adrenal androgens are currently of considerable interest particularly 
with respect to their elaboration under the influence of malignant processes. 
We have isolated from urine a product that from its chemical structure is 
labeled as a hormone of adrenal origin and at the same time possesses all 
the structural features requisite for androgenic activity. The compound, 
118-hydroxy-A‘-androstene-3 , 17-dione, is structurally related to the better 
known adrenal androgen, adrenosterone. The new substance was obtained 
from a 6 day urine collection of a patient with myelogenous leucemia who 
had received adrenocorticotropin (ACTH) as a therapeutic measure. The 
steroid had previously been synthesized by Reichstein (1), by degradation 
of 3-keto-A‘-pregnene-118 ,17a,208 ,21-tetrol (Reichstein’s Substance E), 
and has been isolated by Pincus and coworkers (2, 3) after the perfusion of 
surviving adrenal glands with A‘-androstene-3 , 17-dione. 


EXPERIMENTAL 


Hydrolysis and Initial Separation—The urine, which was collected from 
the 15th to the 22nd day of treatment, a period of 7 days, was acidified with 
H.SO, to pH 1 and continuously extracted during 48 hours with ether, and 
the ether extract was washed with sodium bicarbonate solution. The 
bicarbonate layer was brought to pH 4.5, incubated with 720,000 units of 
beef glucuronidase for 48 hours and, after adjusting the pH to 1, continu- 
ously extracted with ether. The ether extracts were combined and the 
neutral fractions were prepared as described earlier (4). The ketonic frac- 
tion obtained by means of Girard’s Reagent T was partitioned between 
benzene and water according to the procedure of Mason (5). The benzene- 
soluble material was treated with digitonin and the non-precipitable mate- 
rial (“ketonic a” fraction, 466 mg.) was chromatographed on 93 gm. of 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna Fuller Fund, the Lillia Bab- 
bitt Hyde Foundation, and the National Cancer Institute of the National Institutes 
of Health of the United States Public Health Service. 

t Research Fellow of the National Institutes of Health, 1951-52. 
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silica gel. All fractions eluted after 3a-hydroxyetiocholane-11 , 17-dione 
(acetone-ether 1:9) were combined (197 mg.) and acetylated with acetic 
anhydride and pyridine. 

118-Hydroxy-A‘-androstene-3 ,17-dione—The crude acetates (224 mg.) 
were rechromatographed on 44 gm. of silica gel. The infra-red spectra of 
the fractions eluted with petroleum ether-ether (1:4) indicated the presence 
of 118-hydroxy-A‘-androstene-3 , 17-dione together with material of unknown 
composition. The fractions were combined (20 mg.; E1%,, = 212 at 238.5 
my in ethanol) and extracted briefly with pentane which removed 1.3 mg. of 
oily material having no selective absorption in the ultraviolet. The prin- 
cipal portion was dissolved in 20 cc. of 90 per cent methanol, filtered from 
insoluble gummy material, and equilibrated twice with 20 cc. portions of 
pentane. The pentane layers were washed with two portions (10 and 3 
cc.) of 90 per cent methanol. The pentane-soluble fraction contained 1.3 
mg. of oily material, £1”, = 248 at 258 my and £!%, = 400 (inflection) 
at 223 my (ethanol). The aqueous methanol layers were evaporated to 
dryness and the residue (17.1 mg.; E}%,, = 228 at 238.5 my in ethanol) was 
chromatographed on 3.7 gm. of silica gel to yield 8.6 mg., E}%,, = 262 


41 cm. 


at 239 my in ethanol. This product was rechromatographed on 600 mg. of 
acid-washed alumina (Merck). 1.85 mg. of this substance (£}%,, = 266 


at 238 my in ethanol), eluted with 10 to 20 per cent benzene in petrol- 
eum ether, did not crystallize and could not be identified from its infra-red 
absorption spectrum. With 30 to 40 per cent benzene in petroleum ether, 
1.45 mg. of material were eluted and crystallized from acetone-ether-pen- 
tane, m.p. 185-197°. The crystals showed an infra-red absorption spec- 
trum very similar to that of 118-hydroxy-A*-androstene-3 ,17-dione. After 
two recrystallizations 0.2 mg. of 118-hydroxy-A‘-androstene-3 , 17-dione was 
isolated, m.p. 190—-195°; €249 = 12,500 (ethanol). The mixed melting point 
with an authentic sample! was undepressed and the infra-red spectra of the 
two samples were identical. The color reaction with sulfuric acid was pale 
yellow with very weak greenish fluorescence turning blue-gray after about 
15 minutes. 


DISCUSSION 


It is highly probable that 118-hydroxy-A‘-androstene-3 ,17-dione is a 
secretory product of the human adrenal cortex stimulated by ACTH. 
Steroid hormones having an a,8-unsaturated ketone grouping in ring A 
are metabolized to saturated compounds of both the normal and allo series. 
Very little or none of these unaltered hormones appears in urine. Even 
after the administration of large amounts of testosterone to human sul 
jects, at most, only trace amounts of the hormone were found in the urine. 


1 This was available through the courtesy of Dr. Gregory Pincus (prepared by Dr. 
André Meyer). It melted at 189-195°; ex = 12,400 (Ei% = 410) in ethanol. 
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Similarly, the adrenal hormones cortisone and hydrocortisone as such are 
found in the urine in very small amounts even after the administration of 
large quantities. Since 118-hydroxy-A‘-androstene-3 ,17-dione possesses 
in ring A the a,8-unsaturated ketone system characteristic of hormones, 
rather than the saturated alcohol structure characteristic of metabolites, it 
seems unlikely that this substance is a metabolic transformation product 
of another adrenal hormone. The fact that the compound was found in the 
urine only after stimulation by ACTH strongly suggests that 118-hydroxy- 
A‘-androstene-3 , 17-dione or a very closely related compound, e.g. 118,178- 
dihydroxy-A‘-androstene-3-one, is normally poured into the blood in small 
amounts. Under normal circumstances these small amounts would not 
appear as such in the urine but would be converted to saturated 11-oxy- 
genated metabolites before excretion. With ACTH, the normal secretion 
of the adrenals is enormously increased; thus a tiny amount of this hormone 
escaped extensive metabolic change. It may accordingly be suggested that 
a part, at least, of the saturated 11-oxygenated adrenal hormone metabo- 
lites such as 3a, 118-dihydroxyandrostane-17-one and 3a-hydroxyetiocho- 


lane-11,17-dione arises from the metabolic transformation of 118-hydroxy- 
A‘-androstene-3 , 17-dione. 


SUMMARY 


A potential adrenal androgen, 116-hydroxy-A‘-androstene-3 , 17-dione, 
has been isolated from the urine of a patient treated with large amounts of 
ACTH as a therapeutic measure. The physiological significance of the 
compound is briefly discussed. 


The authors are grateful to Dr. Thomas F. Gallagher for his valuable 
suggestions and generous assistance in the preparation of this manuscript. 
The authors wish to express their appreciation to the large group of devoted 
research assistants and technicians who made much of the work possible. 
The routine chemical and chromatographic separations were carried out by 
a group under the supervision of Madeleine Stokem and Ruth Jandorek. 
The colorimetric analyses were under the supervision of Olga Teager. The 
infra-red spectrometry was under the supervision of Friederike Herling. 
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STUDIES IN STEROID METABOLISM 


XVIII. ISOLATION OF THREE NEW STEROID TRIOLS FROM 
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The identification and characterization of the steroids from human urine 
have been a major program of this laboratory for some time. As a portion 
of this project, the present report describes the isolation and characteriza- 
tion of three alcohols, etiocholane-3e,16a,178-triol (IV), its isomer an- 
drostane-3a , 16a,178-triol (VII), and allopregnane-38 , 16a ,20a-triol (IX). 
The fractionation procedure applied to the urine has been described in a 
previous publication (2). The non-ketonic alcoholic fraction was acety- 
lated prior to chromatographic separation because the acetates can be 
more readily analyzed by infra-red spectrometry in carbon disulfide solu- 
tion, in contrast with free alcohols which are insoluble in this solvent. 
The systematic chromatographic separation was effected with alumina, 
magnesium silicate, or silica gel. The following known compounds, listed 
in the order in which their acetates are eluted from alumina, were identi- 
fied by their infra-red spectra: etiocholane-3a ,178-diol, pregnane-3a ,20a- 
diol, allopregnane-3a ,20a-diol, androstane-3a , 17B-diol, 11-ketoetiocholane- 
3a,178-diol, and 11-ketopregnane-3a ,20a-diol. 

The infra-red spectra of other eluates indicated the presence of a number 
of unidentified compounds. The eluates following those containing an- 
drostane-3a ,178-diol diacetate showed the spectrum illustrated in Fig. 1. 
This material was found in a number of urines and therefore these fractions 
were pooled and further purified by chromatography. In this way a quan- 
tity of spectroscopically uniform, amorphous material was obtained. The 
product resisted crystallization as the acetate, but after saponification with 
potassium carbonate the free steroid alcohol was easily crystallized and the 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna Fuller Fund, the Lillia 
Babbitt Hyde Foundation, and the National Cancer Institute of the National In- 
stitutes of Health of the United States Public Health Service. A preliminary re- 
port of this work has been presented (1). 

+ Present address, Departments of Biochemistry and of Obstetrics and Gyne- 
cology, College of Physicians and Surgeons, Columbia University, New York. 
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pure compound melted at 274-278°; [a] , +1.9°. The structure was derived 
from consideration of the following facts. Elementary analysis agreed 
with the empirical formula C,9H3203. Since the compound did not pre- 
cipitate with digitonin nor give a yellow color with tetranitromethane, the 
substance was believed to be either a saturated androstane or an etiocholane 
derivative with three hydroxyl groups, one of which was probably in the 
a orientation at C-3. Periodic acid oxidation revealed that two of the 
hydroxyl groups were vicinal. From analogy it was suspected that these 


et 


@~H 








! 
900 1000 100 1219 cmt! 
Fig. 1. Infra-red spectrum of urinary fraction containing etiocholanetriol (Curve 
I), and synthetic etiocholanetriols (Curves II, III) (both isomers). The infra-red 
spectrometer used was a Perkin-Elmer, model 12C. The carbonyl absorption band 
of acetone at 1219 cm.~! is used as a reference standard. 


vicinal groups were located on C-16 and C-17. The compound was there- 
fore pyrolyzed in a high vacuum in the presence of potassium acid sulfate 
and 1 mg. of non-crystalline sublimate was obtained. The presence of a 
17-ketone group in the pyrolyzed product was indicated both by the Zim- 
mermann reaction (Fig. 2) and the position of the carbonyl absorption in 
the infra-red at 1742 em.—!. The infra-red spectrum of the sublimate in 
the region of 1180 to 850 cm.-! (Fig. 3) was very similar to that of A’- 
etiocholene-17-one (VI) prepared by Dr. Kritchevsky and Dr. Gallagher in 
this Institute. The conclusion was therefore drawn that pyrolysis had 
eliminated 2 molecules of water, one from the 16,17-glycol, thus forming a 
17-ketone, and the other from the alcohol group tentatively placed at C-3, 
yielding an unsaturated bond between C-2 and C-3. From these results 
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the urinary compound was probably etiocholane-3a,16,17-triol. It was 
possible to carry out these reactions with 20 mg. of the isolated product. 
The structure of the compound was proved by partial synthesis from 
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Fig. 2. Absorption spectrum of color produced in the Zimmermann reaction by 
sublimate from KHSO, pyrolysis (Curve A) and dehydroisoandrosterone (Curve B). 
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Fig. 3. Infra-red spectrum of urinary A?-etiocholen-17-one (Curve I) and syn 
thetic A?-etiocholen-17-one (Curve II). 
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etiocholanolone (Fig. 4). By using the procedure of Stodola e¢ al. (3) and 


Huffman and Lott (4), the oxime II obtained by treatment of etiocholano- 
lone (I) with isoamy] nitrite was reduced with zine and acetic acid to give 
the amorphous ketol III. Further reduction with sodium amalgam yielded 
a mixture of etiocholane-3a,16a,176-triol (IV), m.p. 276-278°, and the 
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isomeric 168 ,178-triol (V), m.p. 249-250°. The less soluble isomer IV was 
identical with the urinary triol. The infra-red spectra of the amorphous 
triacetates of the synthetic triol are shown in Fig. 1. 

The naturally occurring triol IV was designated the 16a,178 isomer 
for the following reasons. Estriol and A®-androstene-38 , 16a ,178-triol, two 
other urinary compounds with vicinal hydroxyl groups at C-16 and C-17, 
have been shown by Huffman and Lott (4) to have this trans configura- 
tion. No other stereoisomeric 16, 17-glycols have as yet been isolated from 
natural sources. Furthermore, Huffman and Lott (4) have shown that, 
using the same series of reactions for the preparation of these glycols, the 
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Fig. 4. Synthetic scheme for etiocholanetriol 


least soluble, higher melting diol has the trans 16a,176 configuration, 
whereas the more soluble, lower melting isomer has the cis 168,176 con- 
figuration. Molecular rotation differences (5) support these stereochemi- 
cal assignments. The rotatory contribution of the C-16a-OH in etiocho- 
lane-3a ,16a,178-triol (IV) is —67 and in androstane-3a , 16a ,178-triol (see 
below) —55. These values, as Fukushima and Gallagher (6) have already 
pointed out, agree well with the AMp 16a-OH figures calculated from estriol 
(—44) and androstane-38 ,16a,176-triol (—71).!_ The AM p value for a 8 
oriented hydroxyl group at C-16 is approximately +40 (5). 


1 Dr. Fukushima has since called our attention to the fact that this molecular 
rotation difference value is in error since the androstanetriol from which the value 
was calculated (5) was actually the 16a,17aisomer. For other values of AMp 16a-OH 
see Hirschmann and Hirschmann and Perlman et al. (7, 8). 
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It is altogether reasonable that the corresponding androstanetriol should 
likewise be present in urine. In accordance with the generalizations out- 
lined in Papers I and II of this series (2, 9), one would expect to find this 
compound in eluates immediately before those containing etiocholane-3a, - 
16a,176-triol triacetate. Therefore, the partial synthesis of androstane- 
3a,16a,178-triol (VII), m.p. 254-256°, from androsterone was undertaken 
with the same series of reactions already outlined. The infra-red spectrum 
(Fig. 5) of its non-crystalline triacetate was found to be identical with 
that of a urinary material present in the eluates which immediately pre- 
ceded those containing the etiocholane-3a,16a,178-triol triacetate. Sa- 


Lond 








1 ' it 
900 1000 100 1219 cm-' 
Fig. 5. Infra-red spectrum of urinary androstanetriol (Curve I) and synthetic 
androstanetriol (Curve IT). 


ponification of the triacetate of the urinary steroid yielded the crystalline 
material (VII); the melting point (250-255°) was identical with that of the 
synthetic product. Reacetylation of the urinary compound gave a non- 
crystalline triacetate whose infra-red spectrum was identical with that of 
the synthetic triacetate (Fig. 5). The urinary androstanetriol was desig- 
nated as the 16a,178 isomer by the same reasoning applied to etiocholane- 
3a, 16a, 176-triol. 

The synthetic approach used for the identification of urinary androstane- 
3a,16a,178-triol and etiocholane-3a, 16a,178-triol made available the two 
new isomeric triols with vicinal hydroxyl groups in ring D. The infra- 
red spectra of the triacetates of these compounds, namely androstane- 
3a,168,178-triol and etiocholane-3a,168,178-triol, were carefully com- 
pared with those of eluates of urinary steroid alcohols preceding and 
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following the two known triols. As yet, there has been no indication 
of the occurrence of either of these compounds. 

Another 16a-hydroxysteroid isolated from human urine for the first time 
proved to be allopregnane-3 ,16a,20a-triol, a compound prepared syn- 
thetically by Hirschmann and Hirschmann (7). The substance was iso- 
lated as the triacetate, m.p. 177—180°, from the digitonin-precipitable non- 
ketonic alcoholic fraction obtained from human pregnancy urine. Its 
identity was established by infra-red spectrometry and by mixed melting 
point with a synthetic sample obtained through the generosity of Dr. H. 
Hirschmann. 

The isolation of these 16a-hydroxylated metabolites brings to seven the 
total of 16a-hydroxysteroids that have been thus far discovered in urine. 
The other four are estriol, A>-androstene-36 , 16a,178-triol, A*-pregnene- 
36 ,16a,20a-triol (7), and allopregnane-38 , 16a ,208-triol (also called Mar- 
rian’s triol or Pregnanetriol B) (7, 10-12). With the exception of the last 
compound, which was obtained from the urine of pregnant mares, the others 
have all been found in human urine. Recently, Huffman and Lott (13) 
have proved that the C9-hydroxy ketone isolated by Heard and McKay 
(14) from pregnant mares’ urine also has an oxygen function at C-16 and 
is androstan-38-ol-16-one. 

The hydroxylation of C-16 appears to be a general pattern in the metab- 
olism of steroids. The isolation of estriol from the urine after administra- 
tion of estrone or estradiol and the formation of A5-androstene-38 , 16a , 178- 
triol after the administration of dehydroisoandrosterone demonstrate one 
aspect of the biochemical pattern. Schneider and Mason (15) have shown 
that rabbit liver slices can effect this hydroxylation in that dehydroiso- 
androsterone was converted to the A>-androstene-38 , 16a,176-triol. It can 
probably be assumed that androstanetriol and etiocholanetriol are oxidation 
products of androsterone and etiocholanolone, respectively. If this as- 
sumption is correct, then the two triols must be added to the balance sheet 
of the metabolites of testosterone (16). It appears that the metabolic 
reactions leading to the introduction of a 16-hydroxy group into a Cyp9- 
steroid are not dependent upon the presence of a 17-oxygen function, since 
several C2; 16-hydroxylated compounds have been isolated. It seems prob- 
able, therefore, that this reaction is enzymatically specific for this particu- 
lar carbon of the steroid nucleus; thus a C-16 hydroxyl group is introduced 
in a manner similar to the hydroxylation of C-11, C-17, and C-21 by the 
adrenal cortex (17). The biochemical significance of C-16 oxygenated 
steroids is at present obscure. 


EXPERIMENTAL 


Unless otherwise stated, chromatographic separations were effected on 
columns of alumina. 
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Isolation of Etiocholane-3a , 16a ,178-triol (IV)—The eluates following an- 
drostane-3a ,178-diol diacetate exhibited the infra-red spectrum shown in 
Fig. 1. Fractions with similar or identical spectra obtained from several 
other urinary extracts were combined (175 mg.) and rechromatographed on 
alumina. 146 mg. of a non-crystalline product, eluted with benzene-ligroin 
(1:3), were again chromatographed and yielded four amorphous fractions 
containing 31 mg., 20 mg., 51 mg., and 31 mg., respectively. The infra-red 
spectra showed that all four fractions were essentially identical. Each was 
saponified overnight at room temperature with twice its weight of potas- 
sium carbonate in 2 cc. of aqueous methanol. Water was added and the 
product extracted with ethyl acetate. Evaporation of the solvent left in 
each case a crystalline residue; these were recrystallized from methanol- 
ether and were identical. Several recrystallizations from methanol-ether 
gave an analytical sample melting at 274-278° (corrected); [a]? +1.9° 
+ 2° (5.175 mg. in 2.00 cc. of ethanol). 


CisH3203. Calculated, C 73.97, H 10.46; found, C 73.40, H 10.43 


The compound gave a negative test with tetranitromethane and did not 
precipitate with digitonin. 

Periodic Oxidation—10.5 mg. of the substance (IV) dissolved in 1 ce. of 
methanol were treated with 17.3 mg. of periodic acid in 0.5 ec. of methanol 
and 0.5 ec. of water for 18 hours at room temperature. 1 cc. of acetate 
buffer (pH 6.4) was added, and titration with 0.08058 n thiosulfate demon- 
strated that 0.72 cc. was consumed, equivalent to 88 per cent of the theo- 
retical, assuming a molecular weight of 308. 

Pyrolysis—5 mg. of the compound (IV) were mixed with 100 mg. of 
freshly fused potassium acid sulfate and heated for 1 hour at 160-190° at 
approximately 10-4 mm. of Hg. The oily sublimate weighed 1.0 mg. and 
gave in the Zimmermann reaction a pink color whose absorption spectrum 
(Curve A) is shown in Fig. 2. It has a maximum at 530 mu, the same 
wave-length given by dehydroisoandrosterone (Curve B) and androster- 
one. The infra-red spectrum of the sublimate showed that the material was 
slightly impure A?-etiocholen-17-one as shown in Fig. 3. 

Preparation of Etiocholane-3a,16a,178-triol (IV) and Etiocholane-3a , 168, - 
178-triol (V). Oximation of Etiocholanolone—To 5 cc. of tert-butyl alcohol 
(redistilled over sodium) containing 100 mg. of potassium, 500 mg. of 
etiocholan-3a-ol-17-one (I) were added. Nitrogen was bubbled through 
this mixture for 1 hour, and during this time the compound dissolved and 
the clear solution became pale yellow in color. 0.36 ce. of freshly distilled 
isoamyl nitrite, b.p. 96-97°, was added dropwise, and after an additional 
hour the nitrogen stream was discontinued. The mixture, which was now 
a bright red, was stored at room temperature overnight and after the addi- 
tion of water was extracted three times with ether. After evaporation of 
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the ether, the residue weighing 138 mg. was purified by chromatography 
and was shown to be a mixture of unchanged etiocholanolone and some 
oximino compound which was soluble in ether. The aqueous phase, left 
after the ether extraction, was acidified to Congo red and a copious pre- 
cipitate of the oximino compound formed immediately. The product was 
extracted with chloroform and the solution was washed once with 5 per cent 
sodium carbonate solution and several times with 0.1 N sodium hydroxide 
solution. Although most of the oxime was extracted by the alkali, the 
chloroform extract still contained 49 mg. of the compound, m.p. 223-227°. 
Acidification of the sodium hydroxide washings with concentrated hydro- 
chloric acid resulted in a precipitate (365 mg.) which melted at 239-240°. 
The product (II) was recrystallized several times from methanol-benzene 
mixtures to a constant melting point of 227-229°; [a]? —7.5° + 2° (5.35 
mg. dissolved in 2 cc. of chloroform). 


Ci9H20;N-3H20. Calculated, C 69.50, H 9.35; found, C 69.76, H 9.44 


The product can also be crystallized from ethyl acetate or better from 
methanol-water. From the latter mixture, the product forms long needles 
melting at 241-243°. 


Ci9H290;N-H2O. Calculated, C 67.63, H 9.19; found, C 67.09, H 9.27 


Reduction of Isonitroso Compound—500 mg. of oxime (II) were dissolved 
in 17 cc. of acetic acid and 1 cc. of water, and 1.4 gm. of zinc dust were 
added portionwise. 8 .cc. of water were then added and the solution was 
heated on the steam bath for 2 hours. After standing overnight at room 
temperature, the zinc was removed by filtration and 230 cc. of 5 per cent 
sodium carbonate solution were added to the clear filtrate. Four extrac- 
tions with chloroform yielded 446 mg. of the oily ketol. 

The ketol was dissolved in 20 cc. of absolute ethanol containing 5.8 cc. 
of acetic acid and reduced at 45° with 111 gm. of 2 per cent sodium amal- 
gam. After 1 minute 9 cc. of 50 per cent acetic acid solution were added. 
The temperature was maintained between 40—45° during the next 2 hours 
and then the solution was kept overnight at room temperature. The 
reaction mixture was extracted twice with ether, which was then washed 
until neutral with 5 per cent sodium carbonate and water, and dried over 
sodium sulfate. On evaporation of the solvent, a crystalline residue weigh- 
ing 413 mg. remained. Recrystallization from methanol-ether gave 161 
mg. of a compound melting at 250-265°. A second crop, obtained from 
the mother liquor, weighed 108 mg. and melted at 212-220°. This product 
was a mixture of two diastereoisomers (IV and V) and therefore it was com- 
bined with similar material from two other preparations and purified by 
fractional crystallization from methanol, methanol-acetone, or methanol- 
ethyl acetate mixtures. In this way, the two isomers were separated. 
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The less soluble of the two, which was designated the 16a isomer (IV), 
melted at 276-278°; [a]? —0.3 (7.955 mg. dissolved in 2.00 cc. of 95 per 
cent ethanol). 


CisH320;. Calculated, C 73.97, H 10.46; found, C 74.13, H 10.83 


The more soluble isomer (V) designated the 168 isomer was obtained 
by recrystallization from methanol-acetone and melted at 249-250°; [a]*# 
—2.2° (7.530 mg. dissolved in 2.00 cc. of methanol). 


Ci9H3203. Calculated, C 73.97, H 10.46; found, C 73.92, H 10.71 


Identification of Urinary Steroid—When the urinary triol, m.p. 276-278°, 
was admixed with the 16a isomer, etiocholane-3a , 16a ,178-triol, there was 
no depression in melting point. 5 mg. of the synthetic triol were acetylated 
in 0.2 cc. of pyridine containing 0.15 cc. of acetic anhydride. The product 
obtained was a non-crystalline oil. The infra-red spectra of the triacetates 
made from the synthetic and urinary triols are compared in Fig. 1, and it 
is evident that the two compounds are identical. 

25 mg. of etiocholane-3a,168,176-triol were acetylated with 0.2 cc. of 
pyridine and 0.15 cc. of acetic anhydride. After refluxing the solution for 
1 hour, it was poured onto ice and water and a crystalline product precipi- 
tated. It was recrystallized from methanol and melted at 143-144.5°; 
fal? +43.5° + 1° (9.425 mg. in 2.00 ce. of 95 per cent ethanol). The 
infra-red absorption spectrum is shown in Fig. 1. 

Preparation of Androstane-8a,16a,17B-triol (VII) and Androstane-3a,- 
168 ,178-triol (VIII)—500 mg. of androsterone? were treated with isoamyl 
nitrite in the presence of potassium in a manner similar to that described 
above. In this way, 16-oximinoandrosterone was obtained, m.p. 227—228° 
(recrystallized from methanol-benzene mixture); [a]?’ —7.2° + 1.4° (6.98 
mg. dissolved in 2.00 ce. of chloroform). 


CisH2903N. Calculated, C 71.45, H 9.15; found, C 71.48, H 9.27 


When admixed with 16-oximinoetiocholanolone (II), there was a marked 
depression in melting point. 

The oxime was reduced with zinc dust in the same manner as described 
previously, and the oily ketol was reduced with sodium amalgam. In this 
way, 242 mg. of a semicrystalline product were obtained. Recrystalliza- 
tion from methanol-ether yielded 96 mg. of an impure product melting at 
192-226°. The oily mother liquor from this product was separated with 
Girard’s Reagent T, and a crystalline non-ketonic fraction (56 mg.) and a 
non-crystalline ketonic fraction (63 mg.) were obtained. The latter frac- 
tion was reduced a second time with sodium amalgam and yielded 46 mg. 


2 We are indebted to Dr. C. R. Scholz, Ciba Pharmaceutical Products, Inc., Sum- 
mit, New Jersey, for making available to us a generous amount of this substance. 
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of a semicrystalline product. Attempts to separate the two isomers were 
unsuccessful because of the small amount of material. The combined crys- 
talline non-ketonic material (189 mg.) was acetylated in 0.5 cc. of pyridine 
containing 1 cc. of acetic anhydride. The oily product, weighing 267 mg., 
was carefully chromatographed on 8 gm. of alumina. Although neither 
triacetate was obtained in a crystalline form, a sharp separation of the two 
stereoisomers was obtained as judged by infra-red spectrometry. Upon 
saponification the more readily eluted product (57 mg. with ligroin) yielded 
androstane-3a , 16a ,178-triol (VII), m.p. 254-256°, from methanol-ether as 
needles; [a]?? —5.9° + 3° (6.795 mg. in 2.00 cc. of methanol). 


Cis3H320;. Calculated, C 73.97, H 10.46; found, C 74.18, H 10.60 


The less readily eluted material (55 mg. with 1:1 benzene-ligroin) was 
also saponified and yielded androstane-3a , 168 ,178-triol (VIII) from ether 
or acetone as plates melting at 230-235°; [a}?? +7.5° + 7.5° (2.645 mg. 
dissolved in 2.00 cc. of methanol). There was insufficient material for an 
elementary analysis. 

Isolation of Androstane-3a ,16a,178-triol—Samples of both pure isomers 
were acetylated with pyridine and acetic anhydride, and the infra-red 
spectra of the non-crystalline products were determined. A search of the 
acetylated alcoholic fractions from several urines by infra-red spectrom- 
etry revealed spectra similar to that of androstane-3a, 16a ,176-triol triace- 
tate. These urinary fractions obtained from various urine specimens were 
pooled (39 mg.) and purified by chromatography on alumina. The frac- 
tions eluted with ligroin and benzene-ligroin (1:3, 35 mg.) were saponified 
and yielded an oil weighing 27 mg. When triturated with ether, 4 mg. of 
triol, melting at 248-257° (uncorrected), were obtained. Recrystallization 
from acetone gave needles melting at 250-255°; [a]2? —14.3° + 14° (1.430 
mg. dissolved in 2.00 cc. of methanol) which did not depress the melting 
point of the synthetic sample of androstane-3a, 16a, 178-triol (VII). 

One-half of this material was acetylated with acetic anhydride and pyri- 
dine and the triacetate was submitted to infra-red analysis. In Fig. 5 the 
spectra obtained from the synthetic and urinary triol triacetates are com- 
pared and it is evident that they are identical. The spectrum of andros- 
tane-3a , 168 ,176-triol triacetate has not as yet been observed in fractions 
obtained from urine. 

Allopregnane-38 ,16a,20a-triol ([X)—The 8 non-ketonic alcoholic frac- 
tion of human pregnancy urine after chromatographic separation consist- 
ently showed the presence of an unidentified product, as judged by the 
infra-red spectrum shown in Fig. 6. Fractions obtained from several urines 
were pooled and amounted to 52 mg. of partly crystalline material. After 
another chromatogram on alumina, a crystalline product was obtained 
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which after recrystallization from ether melted at 177-180°; [a]?8 54.1° 
+ 2° (1.48 mg. dissolved in 2.00 cc. of 95 per cent ethanol). A synthetic 
sample of allopregnane-36 , 16a,20a-triol triacetate was obtained from Dr. 
H. Hirschmann and it did not depress the melting point of the urinary 
compound. The infra-red spectra of both substances were identical. 

3.5 mg. of the urinary triacetate were saponified by dissolving it in 0.5 
cc. of 5 per cent methanolic potassium hydroxide. After standing over- 
night, water was added and the gelatinous precipitate filtered. After two 
recrystallizations from acetone, it melted at 254-256° (corrected) (Kofler 
block). The reported value (7) is 251-253°. 





rn 


0 








\ ' 
900 1000 1100 1219 cmt 
Fic. 6. Infra-red spectrum of urinary allopregnane-38, 16a,20e-triol triacetate 
(Curve I) and synthetic allopregnane-38, 16a,20a-triol triacetate (Curve II). 


SUMMARY 


The isolation and characterization of three new steroid triols from human 
urine are described. These substances are etiocholane-3a, 16a ,178-triol, 
androstane-3e@,16a,178-triol, and allopregnane-38,16a,20a-triol. It is 
concluded that hydroxylation at C-16 is a general pattern in the metab- 
olism of steroids. 


The authors are grateful to Dr. Thomas F. Gallagher for his valuable 
suggestions and generous assistance in the preparation of this manuscript. 
The authors wish to express their appreciation to the large group of devoted 
research assistants and technicians who made much of the work possible. 
The routine chemical and chromatographic separations were carried out by 
i group under the supervision of Madeleine Stokem and Ruth Jandorek 
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The colorimetric analyses were under the supervision of Olga Teager. The 
infra-red spectrometry was under the supervision of Friederike Herling. 
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THE INHIBITION OF FIBRINOLYSIN BY 
LIMA BEAN INHIBITOR* 


By JESSICA H. LEWIS anp JOHN H. FERGUSON 


(From the Department of Physiology, University of North Carolina, 
Chapel Hill, North Carolina) 


(Received for publication, March 9, 1953) 


Tauber, Kershaw, and Wright (1) have described a material obtained 
from Lima beans which is a potent trypsin inhibitor, as well as a growth 
inhibitor for mice. This paper presents a study of the effects of this pro- 
teolytic enzyme inhibitor on fibrinolysin (plasmin). In some of the ex- 
periments these effects are compared to its action on crystalline trypsin. 


Materials and Methods 


Crude Lima bean trypsin inhibitor (LBI). A supply of this material was 
kindly furnished by Dr. H. Tauber, Venereal Disease Experimental Lab- 
oratory, United States Public Health Service, University of North Caro- 
lina, School of Public Health. 

Fibrinolysin was prepared in this laboratory from dog serum by a method 
previously described (2). 

Trypsin, crystalline, was obtained through the courtesy of Dr. M. Kunitz 
of the Rockefeller Institute. 

Antifibrinolysin was isolated from dog serum by a method to be published 
in detail. 

The methods employed for the assay of fibrinolysin and trypsin have been 
fully described (2). They involve the rate of dissolution of a standard 
fibrin clot. 


EXPERIMENTAL 


Inhibition of Fibrinolysin and of Trypsin by Lima Bean Inhibitor—This 
inhibitor exerts its full effect immediately upon contact with fibrinolysin 
or trypsin. The effects of varying the LBI concentration while maintain- 
ing a constant enzyme concentration are shown in the following experi- 
ments. 

128 units of fibrinolysin were mixed with 0.0 to 0.05 mg. of LBI, and 
the titer of the residual fibrinolysin in each mixture was immediately 
determined. In a similar experiment, 133 units of trypsin, instead of 
fibrinolysin, were employed. 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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In Fig. 1 the units of fibrinolysin inhibited are plotted against the con- 
centration of LBI. The smooth curve was calculated for a reversible re- 
action, according to the mass action law, by the formula (adapted from 
Northrop, Kunitz, and Herriott (3)) 


concentration fibrinolysin (128) X concentration LBI (mg.) 


Units inhibited = 
oe 1 X Ki + concentration LBI (mg.) 





0.0115, the value for K,, was read from a preliminary curve between the 
experimental points and represents the concentration of LBI which pro- 
duced 50 per cent inhibition of the fibrinolysin. The close similarity be- 
tween the experimental and theoretical curves suggests that the reaction 





80) 


40 


20; 


UNITS OF FIBRINOLYSIN INHIBITED 
8 








0 001 0.02 0.03 0.04 0.05 
LIMA BEAN INHIBITOR —- MGM 


Fig. 1. The inhibition of fibrinolysin by LBI 











between LBI and fibrinolysin is a reversible one. It resembles that ob- 
served between chymotrypsin and soy bean inhibitor by Northrop, Kunitz, 
and Herriott (3). 

Fig. 2 illustrates the results of the experiment in which trypsin was sub- 
stituted for fibrinolysin. The amount of trypsin inhibited is directly pro- 
portional to the amount of LBI added, suggesting a simple stoichiometric 
reaction similar to that between trypsin and soy bean inhibitor (3). 

pH Optimum—In studying the effect of pH on the inhibition of fibrino- 
lysin by LBI, it was necessary to consider also the effects on the assay 
system. Lysis of fibrin clots cannot be determined below pH 5.9 or above 
pH 9.6, as imperfect clots are formed. Fibrinolysin itself has an optimal 
pH range for maximal activity (pH 7.6 to 8.0). 

A series of 0.146 m phosphate and borate buffer solutions was prepared, 
and to each solution was added fibrinolysin + saline or fibrinolysin + LBI 
(in saline). The length of time of lysis was then determined and converted 
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to lysin units. The pH of each solution was also determined (glass elec- 
trode). At each pH the lysin units in the LBI mixture were subtracted 
from the lysin units in the corresponding control to obtain the units in- 
hibited by LBI at that pH. 

The data summarized in Fig. 3 indicate a pH optimum of 7.9 to 8.4 for 
the inhibition of fibrinolysin by LBI. 

Stability of LBI—LBI is extremely stable, tolerating 100° for 10 minutes 
or 37° for 4 days without detectable loss of activity. 

Interaction of LBI and Fibrinolysin—To explore the possibility that LBI, 
which is probably protein in nature (1), might be digested or destroyed 
by fibrinolysin, the following experiment was undertaken. 0.0015 per cent 
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Fig. 2. The inhibition of trypsin by LBI 


LBI was incubated at 29° for 24 hours (1) with 4800 units per 0.5 ml. of 
fibrinolysin, 7.e. a very strong enzyme solution, and (2) in a control with 
buffered saline solution. After incubation, both tubes were boiled so as to 
destroy the fibrinolysin in (1). Then a measured amount of fresh fibrinoly- 
sin was added to each tube and the mixtures were assayed to determine 
the amount of inhibition. In both (1) and (2) the inhibitory loss amounted 
to 104 units of the fresh fibrinolysin. 

Thus the data show that the LBI is not proteolyzed by the fibrinolysin 
but retains its full titer of antilytic potency after prolonged exposure to 
a very potent fibrinolysin solution. 

Interaction of LBI and Serum Antifibrinolysin—Some unexpected findings 
resulted from an experiment which was originally designed to compare the 
inhibitory effects of LBI and serum antifibrinolysin. An amount of puri- 
fied antifibrinolysin (antilysin), having an inhibitory power similar to a 
1:12 dilution of whole serum, was used in the following tests: 145 units per 
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0.5 ml. of fibrinolysin were mixed with (1) antilysin + buffer, (2) 2 volumes 
of buffer, (3) 0.0015 per cent LBI + buffer, (4) 0.0015 per cent LBI + 
antilysin. The mixtures were incubated at 29° and the fibrinolysin content 
titrated at intervals, with the results shown in Fig. 4. 
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Fig. 3. Effects of pH on the inhibition of fibrinolysin by LBI 
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Fig. 4. Inhibition of fibrinolysin by antifibrinolysin and LBI 


The data show that serum antilysin causes no immediate inhibition, but, 
as incubation proceeds, there is a rapidly progressive loss of fibrinolytic 
activity until little or none remains (Fig. 4). The control (fibrinolysin 
+ buffer) deteriorates slowly, losing about 75 per cent of its activity after 
24 hours incubation. LBI exerts its full inhibitory effect immediately, 
and little or no change in fibrinolysin titer is noted during the first 4 hours 
of incubation. After 24 hours some loss is evident, but this mixture now 
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shows more titratable fibrinolysin than does the control. This “stabilizing 
action” of LBI has been a consistent finding in a number of similar ex- 
periments. The fourth mixture contains both antifibrinolysin and LBI. 
There is an immediate loss of enzyme activity which is slightly less than 
that produced by the LBI alone. The expected progressive inactivation 
caused by the antilysin is distinctly lessened. Other experiments, not 
illustrated, show that preincubation of LBI and antilysin does not effect 
this result. It may be concluded, therefore, that LBI not only inhibits the 
proteolytic enzyme fibrinolysin, but also interferes, to some extent, with 
the action of its physiological inhibitor, serum antifibrinolysin. These data 
suggest the possibility that the deterioration of purified fibrinolysin may 
be due, in part, to an undetected trace of antilysin contaminating the 
preparation, and that the “stabilizing action” of LBI is due to an inhibition 
of this contaminant. 


SUMMARY 


Lima bean inhibitor reacts immediately with fibrinolysin, apparently 
forming a reversible complex. The pH optimum for the reaction lies be- 
tween 7.9 and 8.4. LBI can also inhibit trypsin, the degree of inhibition 
being directly dependent upon the amount of inhibitor added. LBI can 
decrease the action of serum antifibrinolysin, the physiological antagonist 
to fibrinolysin. 
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THE CONSTITUENTS OF ISOEQUILIN A 


By DANIEL BANES anp JONAS CAROL 


(From the Division of Pharmaceutical Chemistry, Food and Drug Administration, 
Department of Health, Education, and Welfare, Washington, D. C.) 


(Received for publication, March 13, 1953) 


The resolution of isoequilin A into isomeric 8-dehydro- and 9-dehydro- 
estrones has been reported previously (1). On the basis of the experimen- 
tal evidence, it was then concluded that these isomers were, respectively, 
8-dehydro-14-isoestrone (Compound I in Fig. 1) and 9-dehydro-14-isoes- 
trone. However, subsequent investigations in this laboratory (2) on the 
properties of 8-dehydro-13-isoestrone (IX), prepared by the acid isomeriza- 
tion of lumiequilin (VIII), indicated that the supposed ‘‘8-dehydro-14- 
isoestrone” was itself a mixture of isomers. 

By the repeated use of Girard’s Reagent T, the mixture of 8-dehydro- 
estrones has now been resolved into two new ketosteroids. One of these 
substances (m.p. 231-233°; [a], + 232°) was obtained from the “non- 
ketonic” fractions and proved to be 8-dehydro-14-isoestrone, the optical 
isomer of 8-dehydro-13-isoestrone (m.p. 231-232°; [a], —233°). Its ace- 
tate and benzenesulfonate yielded infra-red absorption spectra congruent 
with those given by the corresponding derivatives of its enantiomorph 
(Figs. 2, A, 2,B) and of Heer and Miescher’s synthetic dl-8-dehydroiso- 
estrone (3). The crystal forms and refractive indices of the two enantio- 
morphs were also identical. 

The second ketosteroid (m.p. 230-231°; [a], +86°) was recovered by 
hydrolyzing the Girard derivative of the most actively ketonic fraction. 
The substance could be obtained only in small yields (3 to 4 per cent) 
because of the difficulties attending its isolation and purification. It was 
found to be sensitive to treatment with hot acetic acid or dilute mineral 
acids, and its solutions were oxidized when heated in the presence of air. 
During esterification of the ketosteroid in pyridine with acetic anhydride 
or benzenesulfonyl chloride, a pink material was produced, and the pure 
esters could not be isolated. The infra-red absorption spectra of the crude 
esters and the ultravolet absorption spectrum of the parent ketosteroid 
resembled those of the corresponding cis compounds closely (Figs. 2 and 
3). No equilenin-like substances were obtained among the reaction prod- 
ucts when the ketosteroid was heated with palladium in benzene. Upon 
treatment with acetic acid-hydrochloric acid, it produced a mixture similar 
to isoequilin A, whereas 8-dehydro-14-isoestrone was unaffected by the 
acid reagent, except for the production of small quantities of d-isoequilenin. 
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In the modified Kober test (1) the new ketosteroid produced a blue color 
somewhat more intense than that given by equilin. 

When the 9-dehydroestrone obtained from isoequilin A was subjected 
to repeated treatment with Girard’s Reagent T, the ketonic and ‘“‘non- 
ketonic” fractions were identical, so that in this case a single substance 
was involved. The substance was unaffected by treatment with palladium 
in boiling benzene. Hydrogenation over palladium at room temperature 
and pressure produced estrone in high yield, demonstrating that the keto- 
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Fia. 1. Correlation of compounds related to equilin. (I) 8-Dehydro-14-isoestrone, 
(II) 8-dehydroestrone, (III) 9-dehydroestrone, (IV) d-isoequilenin, (V) equilin, (VI) 
estrone, (VII) l-isoequilenin, (VIII) lumiequilin, (IX) 8-dehydro-13-isoestrone. For 
the transformation of Compounds V and VI, see Pearlman and Wintersteiner (9). 


steroid possessed all of the ring fusion configurations common to the natural 
estrogens, and was actually 9-dehydroestrone (IIT). 

Upon treatment with hot acetic acid-hydrochloric acid, 9-dehydroestrone 
also yielded a mixture resembling isoequilin A. The fact that only the 
less dextrorotatory of the two 8-dehydroestrones was partially intercon- 
vertible with 9-dehydroestrone constituted evidence that it also was charac- 
terized by a trans C-D ring fusion, and it was identified as 8-dehydroes- 
trone (II). 

The properties of the three ketosteroids are now found to be in accord 
with those of the other known phenolic ketosteroids. In the Kober test 
(4) estrone and 8-isoestrone (5) yield similar orange-pink colors, whereas 
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lumiestrone is non-chromogenic (6); 8-dehydroestrone and 9-dehydroes- 
trone produce blue colors in the modified Kober reaction (1) even more 
intense than that due to equilin, while the 8-dehydroisoestrones and lumi- 
equilin (2) yield only very faint colors. The effect of the C-D ring fusion 
upon the accessibility of the 17-carbonyl grouping is again illustrated in 
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Fig. 2. Infra-red absorption spectra of 8-dehydro-14-isoestrone acetate (A); 
8-dehydro-14-isoestrone benzenesulfonate (B); 8-dehydroestrone acetate (C); and 
8-dehydroestrone benzenesulfonate (D). Approximately 4 mg. of ester per ml. of 
carbon disulfide. Cell thickness, 1 mm. 


the behavior of cis-trans isomers toward ketone reagents. By the use of 
Girard’s Reagent T, 8-dehydroestrone is separable from 8-dehydro-14-iso- 
estrone in the same manner that estrone, equilin, and equilenin have been 
separated from the “inert” ketones lumiestrone, lumiequilin, and isoequi- 
lenin, respectively. Finally, all of the potent phenolic ketosteroids 
(estrone, 8-isoestrone, equilin, 6-dehydroestrone, 9-dehydroestrone, d-equi- 
lenin) possess a trans C-D ring fusion, whereas lumiestrone, d/-8-dehydro- 
isoestrone (3), and the isoequilenins are biologically inactive. 
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EXPERIMENTAL 


Separation of 8-Dehydroestrones—G00 mg. of equilin were isomerized with 
acid, and the 8-dehydro- and 9-dehydroestrones were obtained by chro- 
matographic partition as previously described (1). Mixed 8-dehydroes- 
trones (100 mg. portions) were heated with 100 mg. of Girard’s Reagent T 
in 5 ml. of acetic acid for 4 minutes on the steam bath. The mixture was 
cooled, diluted with ice water, and neutralized to pH 5. The “non-ketonic” 
fraction was extracted with several portions of chloroform, and the solvent 
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Fig. 3. Ultraviolet absorption spectra of 8-dehydro-14-isoestrone (solid line) 
and 8-dehydroestrone (dash line) in alcohol. 


evaporated. The weighed residue was again treated with an equal weight 
of Girard’s Reagent T in a proportionately small volume of acetic acid, 
and the ‘“non-ketonic” fraction separated. A third treatment with Gi- 
rard’s reagent yielded crude 8-dehydro-14-isoestrone as the “most non- 
ketonic” fraction. The aqueous solutions of mixed hydrazones were acid- 
hydrolyzed, and the ketones reserved for further examination. 
8-Dehydro-14-isoestrone—The “most non-ketonic” fractions were recrys- 
tallized from ethanol and obtained as thin plates (m.p.! 230-232°, [a], 
+234°). A second crystallization yielded 70 mg. (12 per cent) of pure 
material, melting at 231—232° to a pale yellow liquid; [a], +232°; crystal 


' All the melting points were determined on a Fisher-Johns melting point ap- 


paratus and are uncorrected. 
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indices,” a 1.526, 8 1.686, y >1.74. These data conform exactly with those 
obtained for 8-dehydro-13-isoestrone (2). 


CisHxO2. Calculated, C 80.55, H 7.52; found, C 79.92, H 7.77 


In the modified Kober test (1) 50 y of 8-dehydro-14-isoestrone yielded 
only a faint blue color, less than one-twentieth the intensity of that given 
by equilin. The infra-red absorption spectrum of the crude benzenesul- 
fonate (prepared by allowing 8 mg. of the ketosteroid to remain overnight 
in a mixture of 2 ml. of dry pyridine and 0.2 ml. of benzenesulfonyl chlo- 
ride) exhibited the carbonyl peak at 5.75 uw, and was similar to that of 
8-dehydro-13-isoestrone benzenesulfonate (Fig. 2, B). 

Dehydrogenation of 8-Dehydro-14-isoestrone—15 mg. of 8-dehydro-14-iso- 
estrone were dissolved in 20 ml. of benzene, and mixed with 40 mg. of 
palladium black, prepared by the method of Tausz and von Putnoky (7). 
The mixture was boiled under a reflux for 8 hours. Palladium was re- 
moved by filtration through glass wool, and the solution chromatographed 
on a 20 gm. Celite-20 ml. nN alkali column with benzene as the mobile sol- 
vent (8). Those fractions of eluate which contained isoequilenin were 
combined and evaporated, yielding 10 mg. of crude material. The optical 
rotation of the recrystallized substance was +160° (0.12 per cent in eth- 
anol). Its ultraviolet absorption spectrum and the infra-red absorption 
spectrum of its benzenesulfonate were identical with the spectra given by 
an authentic sample of d-isoequilenin [a], +157° (ethanol). 

Acetate of 8-Dehydro-14-isoestrone—20 mg. of 8-dehydro-14-isoestrone 
were mixed with 2 ml. of dry pyridine and 0.5 ml. of acetic anhydride, 
and kept at room temperature overnight. The pale yellow solution was 
diluted with 50 ml. of water and extracted with two 15 ml. portions of 
chloroform. The combined chloroform extracts were washed with water 
and evaporated to dryness, and the residue recrystallized three times from 


40 to 60 per cent ethanol. Yield, 12 mg. of small white monoclinic prisms, 
m.p. 93-94°. 


CyH20;. Calculated, C 77.38, H 7.15; found, C 77.24, H 7.21 


The infra-red absorption spectrum of this substance in carbon disulfide 
was congruent with those of 8-dehydro-13-isoestrone acetate and Miescher’s 
dl-8-dehydroisoestrone acetate (Fig. 2, A). 

8-Dehydroestrone—The ketonic fractions of the previously described sepa- 
rations (150 mg.) were dissolved in 5 ml. of methanol, and heated at 75- 


2 We are indebted to Mr. William Eisenberg and to Dr. Albert H. Tillson of the 
Division of Microbiology, United States Food and Drug Administration, who deter- 


mined these crystal indices and characterized all of the crystalline substances de- 
scribed. 
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80° for 4 minutes with a solution of 50 mg. of Girard’s Reagent T in 3 ml. 
of acetic acid. 60 mg. of the ketones obtained by hydrolysis of the chloro- 
form-insoluble fraction were again treated with one-third their weight of 
Girard’s Reagent T in a methanol-acetic acid mixture. The most actively 
ketonic fraction was twice recrystallized from ethanol. Yield, 21 mg. of 
light tan conchoidal tabular crystals, melting to a blue liquid at 228-230° 
after turning purple at 222°; [a], +86° (0.2 per cent in ethanol). 


CisH»O2. Calculated, C 80.55, H 7.52; found, C 79.92, H 7.57 


Esterification with acetic anhydride or benzenesulfonyl chloride in pyri- 
dine yielded impure products with a tenacious pink coloration. The keto- 
steroid turned pink to purple when heated with acetic acid, and its impure 
alcoholic solutions turned pale green when boiled. In the modified Kober 
test (1) 40 y of 8-dehydroestrone yielded a blue color equivalent to that 
given by 50 y of equilin. When heated with acetic acid-hydrochloric acid 
for 3 hours, it yielded a mixture of 8-dehydro-14-isoestrone, 8-dehydro- 
estrone, and 9-dehydroestrone. Under the same conditions, 9-dehydro- 
estrone also yielded a mixture containing unchanged starting material and 
mixed 8-dehydroestrones with [a], +178°. 

Hydrogenation of 9-Dehydroestrone—39 mg. of 9-dehydroestrone were dis- 
solved in 30 ml. of methanol and mixed with 120 mg. of palladium black. 
Hydrogen was bubbled into the agitated mixture at room temperature and 
pressure for 90 minutes. The mixture was filtered through glass wool and 
the filtrate evaporated. The residue was dissolved in 10 ml. of benzene 
and chromatographed on a 20 gm. Celite-20 ml. N alkali column, with 
benzene as the mobile solvent.’ After a forerun of 50 ml., the next 100 ml. 
of eluate contained material with an ultraviolet spectrum characteristic of 
estrone. The solvent was evaporated and the residue was twice recrystal- 
lized from ethanol. Yield, 28 mg. of pure estrone, crystal phase I (m.p. 
255-256°, [a], +160° in ethanol). The ultraviolet absorption spectrum 
of the product matched that of estrone exactly, and the infra-red absorp- 
tion spectra of its acetate and benzenesulfonate likewise matched the cor- 
responding spectra of the derivatives prepared from an authentic sample 
of estrone. The absorption spectrum of the color developed from 100 y 
of the hydrogenation product in the iron-Kober test (4) was identical with 
that from 100 y of pure estrone. 


SUMMARY 


Isoequilin A has been shown to contain three isomeric ketosteroids: 
8-dehydro-14-isoestrone, 8-dehydroestrone, and 9-dehydroestrone. 8-De- 
hydro-14-isoestrone has been identified as the enantiomorph of 8-dehydro- 
13-isoestrone, prepared by the acid isomerization of lumiequilin. ‘The 
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configuration of 9-dehydroestrone has been established by its smooth hy- 
drogenation to estrone. 
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THE ISOLATION OF IODINATED AMINO ACIDS FROM 
THYROID TISSUE BY MEANS OF STARCH COLUMN 
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(From the Department of Surgery, School of Medicine, Western Reserve University, 
City Hospital, Cleveland, Ohio, and the Thyroid Clinic and Department of 
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Various chemical methods for the isolation of iodinated amino acids from 
thyroid tissue have been used for many years (1-8), and, more recently, 
paper (9-16) and column (17, 18) chromatography has been employed. 
Paper or column chromatography has also been used to separate iodinated 
amino acids from blood (16, 19-24), urine (20, 21), bile (25, 26), and from 
artificially iodinated proteins (27, 28). This report! concerns a 4 year 
study of the development of the application of starch column chromatog- 
raphy to the quantitative separation of iodinated compounds from thyroid 
tissue. Special attention has been given to the results of hydrolysis of 
thyroid tissue and the tendency for interchange of iodine from one com- 
pound to another. 


Methods 


Starch columns were prepared according to the method of Stein and 
Moore (29, 30). A mixture of 14.3 gm. of pure potato starch? (containing 
10.1 per cent? water), 25.3 ml. of n-butanol, and 2.5 ml. of water was thor- 
oughly shaken and poured into a vertical glass tube approximately 1.0 
em. in diameter. The starch settled on a sintered glass disk, and air pres- 
sure of 7 cm. of mercury was applied. After approximately 1 hour the 
starch was packed to a constant height of 21 cm. The excess liquid was 
removed, the solvent reservoir was attached, and the same pressure was 
again applied for 36 hours to permit equilibration of the starch and solvent. 


* Aided by grants-in-aid from the Atomic Energy Commission and the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council. 

1 A brief preliminary summary (18) of this work was made in a discussion of Rosen- 
berg’s paper (17). 

2 Manufactured from white potatoes by Morningstar Nicol Company, Inc., and 
purchased from Amend Drug and Chemical Company, Inc., New York. 

3 Over the period of several years the water content of the various lots of starch 
varied. The amount of water added was adjusted each time to make 30 per cent of 
the dry weight of starch used. 
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The column was then freed of metallic ion impurities by passing 8-hydroxy- 
quinoline (25 mg. in 2.5 ml. of solvent) through the starch, according to 
the method of Stein and Moore (29). After the temporary removal of all 
supernatant solvent over the starch, a sample of material to be studied was 
dissolved in 1.0 ml. of the solvent and placed upon the top of the starch 
column. As soon as the liquid containing the sample had entered the 
starch, the sides of the tube were washed down two times with 0.2 ml. of 
the solvent. The reservoir of solvent was then reapplied with a pressure 
of 15 cm. of mercury. The resulting rate of flow was approximately 2 
ml. per hour. Fractions consisting of 0.5 ml. were collected* in a se- 
quence of 300 test-tubes. 

The principal solvent used in the starch columns was n-butanol-propanol- 
water (1:2:1). Certain variations in this solvent system will be discussed 
subsequently. 

Two types of material were chromatographed: pure iodinated amino 
acids and hydrolyzed thyroid glands previously labeled® with radioactive 
iodine (I'*'). In the initial studies the crystalline form of several iodinated 
amino acids, known to occur in the thyroid, were used singly and in mix- 
tures in the starch columns. In chromatograms made from these synthetic 
mixtures the positions of the various iodinated amino acids were identified 
by a photometric ninhydrin determination, according to the method of 
Moore and Stein (31). 

After the positions of the specific iodinated compounds were known in 
the chromatographic system, thyroid glands previously labeled® with I! 
were studied. Since hydrolyzed thyroid tissue contained both iodinated 
and non-iodinated amino acids, the ninhydrin test was not specific; there- 
fore, the I'*!-labeled compounds were located and measured by their radio- 
activity. The radioactivity in each fraction of the effluent was determined 
either by counting an aliquot (dried on a silver-plated copper planchet) 
with an end window §-ray counter, or by counting the whole fraction (in 
liquid phase) with a scintillation y-ray counter. 

The radioactive thyroid tissue was prepared by the administration of 100 
to 1000 ue. of I to rabbits.’ After varying lengths of time the animals 


4 Technicon fraction collector. 

5 [131 was administered to rabbits which were later sacrificed. 

6 In some instances an excess of the non-radioactive iodinated amino acids was 
added as a carrier to hydrolyzed radioactive thyroid glands to correlate the peak 
identified by the ninhydrin with that of the radioactivity. 

7 Included in this series are data from some animals which received as much as 
1000 ue. of I''. It is possible that the physiological function of the thyroid may have 
been damaged by the radiation even though the interval of time between the adminis- 
tration of the I'*! and the sacrifice of the animal was relatively short and consider- 
able iodide was in the diet. The dosage given to each animal is listed in Table II. 
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were sacrificed and the thyroid glands removed. 25 mg. of thyroid tissue 
were promptly placed in a small tube; 2 ml. of 2 N sodium hydroxide and 
a small crystal of sodium thiosulfate were added. The tube was immedi- 
ately sealed and placed in a steam bath. In most instances, the period 
of hydrolysis was 17 hours. The hydrogen ion concentration of the hy- 
drolysate was adjusted to pH 3 to 4 and without delay the solution was 
dried under a vacuum in a rotary still at room temperature. The dried 
residue was extracted four times with 2 ml. portions of 95 per cent ethyl 
alcohol. This extract was similarly reduced to dryness, dissolved in the 
solvent used in the chromatographic system, and introduced upon the top 
of the starch column. 


Results 


Chromatographic Separations with Acid Solvent—In initial experiments a 
solvent with the following proportions was used: n-butanol-propanol-0.1 
n hydrochloric acid (1:2:1). The separations of synthetic mixtures of 
thyroxine, diiodotyrosine, and iodide, as illustrated in Fig. 1, and of hy- 
drolyzed thyroid tissue were accomplished. Although thyroxine, diiodo- 
tyrosine, and iodide were separated adequately to permit identification, 
the separation was usually not sufficient to permit quantitative deter- 
mination. Furthermore, it was observed that radioactive iodide, when 
added to the iodinated amino acids or to non-radioactive hydrolyzed thy- 
roid tissue (in acid solvent without a reducing agent), not only yielded free 
iodine but also interchanged with the iodine (I'”’) in the organic compounds. 
Such a reaction invalidated the method as a quantitative procedure when 
one compound was studied in the presence of another. 

A further objection to the use of the acid solvent was the failure to obtain 
monoiodotyrosine as a separate peak from hydrolyzed thyroid tissue. 

Chromatographic Separations with Alkaline Solvent—A solvent with the 
following proportions was used: n-butanol-propanol-0.05 Nn sodium carbo- 
nate (1:2:1). The resulting chromatograms made from hydrolyzed radio- 
active thyroid tissues are illustrated in Fig. 2. With the alkaline solvent, 
all iodinated compounds except diiodotyrosine appeared in a convenient 
and well separated sequence without undue delay. However, diiodoty- 
rosine remained in the starch column and was eluted only after a consid- 





Although there is no apparent correlation between the dose given and the chroma- 
tographie pattern observed in these studies, this specific question is currently the 
object of complete and thorough study in our laboratory. 

* The residue after ethyl alcohol extractions contained only 4 per cent of the total 
radioactivity. When this radioactivity in the residue was then extracted with 
butanol and chromatographed, the iodinated products occurred in approximately the 
same ratio as that found in the original extraction. 








520 ISOLATION OF IODINATED AMINO ACIDS 


erable period of time. Since previous observations had revealed that di- 
iodotyrosine was eluted from the column more rapidly under acid 
than under alkaline conditions (Fig. 1), the procedure in which the alka- 
line solvent was used was therefore modified by replacing the alkaline 
solvent with the acid solvent (at about Tube 120)° after monoiodotyrosine 
had been eluted from the column. The diiodotyrosine was then eluted 
rather promptly (Fig. 2). 

With this system the substances were not only sufficiently separated to 
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Fic. 1. Chromatographic separation of a synthetic mixture of diiodotyrosine, 
thyroxine, and radioactive sodium iodide with an acid solvent: n-butanol-propanol- 
0.1 n hydrochloric acid (1:2:1). The iodide was determined by its radioactivity 
(solid line) and the thyroxine and diiodotyrosine by photometric ninhydrin analysis 
(broken line; right scale, optical density units). Sodium thiosulfate was added to 
the sample just before it was placed upon the starch column. 


permit quantitative determination but at least two new substances, labeled 
with radioactive iodine, appeared as peaks in the chromatogram. Thy- 
roxine, inorganic iodide, monoiodotyrosine, and diiodotyrosine were iden- 
tified according to their positions by preparing individual chromatograms 
of each substance in pure crystalline form. Two additional iodinated com- 
pounds remained unidentified (Unknowns 1 and 2, Fig. 2). 

Effect of Adding Reducing Substance during Analytical Procedure—It was 
found by exposing the pure radioactive iodide fraction to air or treating it 


9 During the early experiments, the solvent was changed first to a neutral solvent, 
with the following proportions: n-butanol-propanol-water (1:2:1), at approximately 
the 120th fraction, and shortly thereafter changed to the acid solvent. In later 
experiments the change was made directly from the alkaline to the acid solvent. 
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Fig. 2. Chromatographic separations of the iodinated amino acids from hy- 
drolyzed samples of thyroid gland removed from rabbits 4, 24, and 48 hours after the 
intravenous administration of radioactive iodide. Duplicate determinations of 
each of these observations have been made on independently hydrolyzed samples of 
the same thyroid and appear in Table II. See Chromatograms 68 and 69, 64 and 65, 
110 and 114in Table II. In this and subsequent illustrations black markers represent 
the point at which the alkaline solvent was changed to the neutral solvent and in 
turn was changed to the acid solvent, or changed directly from the alkaline to acid 
solvent if only one marker appears. 
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with sodium persulfate that the radioactivity appeared as iodine at the 
solvent front when rechromatographed. Thus it was apparent that the 
spontaneous conversion of iodide to iodine during the analytical procedure 
resulted in the appearance of iodine superimposed on thyroxine, the effect 
of which could lead to the false impression that all radioactivity at this 
point in the chromatogram was thyroxine. The addition of a reducing 
substance, such as sodium thiosulfate, to a solution containing radioactive 
iodide before it was placed on the starch column resulted in the recovery 
of all of the inorganic I'*! at the iodide position. Sodium thiosulfate was 
therefore added to the tissue just before hydrolysis and again to the hy- 
drolyzed sample just before placing it on the starch column. 

Effect of Duration of Hydrolysis on Yield of Iodinated Compounds—A 
variety of methods have been used by others to free the iodinated com- 
pounds from thyroid tissue. Because unknown iodinated compounds ap- 
peared in the chromatograms, the question was raised concerning the oc- 
currence of incompletely hydrolyzed iodinated polypeptides. 

A radioactive thyroid was divided into three equal portions; one sample 
was hydrolyzed for 6 hours, the second for 17 hours, and the third for 41 
hours, and independent chromatograms were prepared from each sample. 
The yields were identical (after correction for radioactive decay) not only 
with respect to the position of the peaks which appeared but to the amount 
of radioactivity in each. Therefore, under the conditions described, an in- 
crease in the hydrolysis time beyond 6 hours did not lead to further break- 
down of the compounds and did not support the possibility that certain 
unknowns were iodinated polypeptides. 

Stability of Pure Iodinated Amino Acids during Additional Hydrolysis— 
In addition to further investigation of the stability of the iodinated amino 
acids to the hydrolysis process, the possibility of the interchange of the 
I'5! with the I’? in other products of hydrolysis was explored. In an initial 
chromatogram each radioactive compound, similar to those illustrated in 
Fig. 2, was separated from a hydrolyzed radioactive thyroid gland by the 
alkaline solvent technique. Each radioactive compound obtained in the 
chromatogram was then rehydrolyzed in the presence of non-radioactive 
thyroid tissue and rechromatographed. 25 mg. of non-radioactive thyroid 
tissue were added to the pooled contents" of the several tubes which repre- 
sented a single peak on the original chromatogram. As previously de- 
scribed, sodium hydroxide and sodium thiosulfate were added, the tube 
was sealed, and hydrolysis was carried out. The resulting hydrolysate was 
dried after adjustment of the pH, extracted with ethyl alcohol, and then 


10 These experiments were carried out by evaporating the solvent from the chro- 
matographically pure compound before the fresh thyroid tissue was added and re- 
hydrolysis performed; however, in other experiments, the solvent was allowed to 
remain present during rehydrolysis. 
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dissolved in the chromatograph solvent and rechromatographed as pre- 
viously done. Representative results of several observations on each 
chromatographically pure compound which was subjected to rehydrolysis 
in the presence of normal thyroid tissue are shown in Table I. Repre- 
sentative chromatograms of rehydrolyzed thyroxine and Unknown 1 ap- 
pear in Fig. 3. The stability of these radioactive compounds during 
additional hydrolysis with non-radioactive thyroid tissue was as follows: 
The compound previously identified as thyroxine yielded 17 per cent of the 
radioactivity as iodide (Fig. 3 and Table I, Chromatogram 125). None of 
the radioactive Unknown 1 or diiodotyrosine and only a trace of mono- 
jodotyrosine were produced. The degree of breakdown of thyroxine to 
jodide during alkaline hydrolysis corresponds almost exactly to the break- 
down found by standard chemical methods by Leland and Foster (3) and 


TABLE I 
Percentage Yield of Iodinated Compounds Illustrated in Fig. 3* 








Chromatogram No.! Thyroxine | Unknown 1 | Iodide | “ae | pon va Unknown 2 
125 81 0 17 2 0 0 
98 29 45 | 6 20 0 0 
58 <1 0 | 99 <1 0 0 
109 2 2 6 | 90 0 0 
101 2 0 3 | 0 94 0 


* Percentage based on the total radioactivity recovered in the areas of the chro- 
matogram represented by the compounds. 


by Blau (5). Control observations consisting of rechromatographing the 
thyroxine peak without rehydrolysis have on some occasions also yielded 
some iodide. 

Unknown 1, when rehydrolyzed with non-radioactive thyroid tissue and 
rechromatographed (Fig. 3 and Table I, Chromatogram 98), yielded a 
relatively large amount of radioactive thyroxine and, in addition, some 
monoiodotyrosine and some iodide. No radioactive diiodotyrosine ap- 
peared. It should be pointed out that thyroxine undoubtedly was present 
in the Unknown 1 fraction tubes of the initial chromatogram and thus be- 
came evident when Unknown | was rechromatographed. The presence of 
iodide and monoiodotyrosine arising from Unknown | strongly suggests a 
slight breakdown of either Unknown 1 or the thyroxine (see Fig. 3, Chro- 
matogram 125) that was presumably present as an impurity. If Unknown 
1 was rechromatographed without rehydrolysis, the thyroxine peak ap- 
peared in addition to the Unknown 1, but iodide and monoiodotyrosine did 
not. 


tadioactive iodide, when hydrolyzed with non-radioactive thyroid tissue 
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and chromatographed (Table I, Chromatogram 58), yielded only iodide. 
This indicated that, under the conditions of the experiment, iodide was not 
incorporated into organic compounds as it was when sodium thiosulfate 
was omitted during hydrolysis and chromatography. 
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Fic. 3. The stability of each of the I'*!-labeled compounds when removed from 
one chromatogram and subjected to further hydrolysis in the presence of non-radio- 
active thyroid tissue. 
of thyroxine (Chromatogram 125) and Unknown 1 (Chromatogram 98). 
total radioactivity recovered in the peaks the percentage yield of each compound 
was determined and is shown in Table I. For discussion of results, see the text. 


The two chromatograms shown here represent rehydrolysis 
From the 


Monoiodotyrosine, when rehydrolyzed with non-radioactive thyroid 
tissue and rechromatographed (Table I, Chromatogram 109), was found to 
remain essentially unchanged except for traces of thyroxine, Unknown 1, 
and iodide. 

Diiodotyrosine, when rehydrolyzed with non-radioactive thyroid tissue 
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and rechromatographed (Table I, Chromatogram 101), yielded only traces 
of radioactive iodide and thyroxine. It thus appears that most of these 
compounds when freed from thyroid tissue are not appreciably broken 
down by hydrolysis except in the case of thyroxine and perhaps Unknown 
1. It is also shown by these observations that the radioactive iodine atoms 
in the presence of a reducing agent do not interchange between compounds 
except possibly in the case of Unknown 1. Within these limitations, there- 
fore, the methods of study may be used to analyze for these iodinated amino 
acids in the protein of the thyroid gland. 

Reproducibility of Quantitative Separation of Todinated Compounds from 
Thyroid Tissue—In order to test the reproducibility of the quantitative 
separation of iodinated compounds from thyroid tissue, rabbits were given 
I! by the intravenous route. After specified periods of time, duplicate 
samples of the same thyroid were separately hydrolyzed and chromato- 
graphed by the alkaline solvent technique." The radioactivity of each 
fraction tube of a chromatogram was determined. The reproducibility of 
the results in thyroids which contained I'* for 4, 24, and 48 hours is shown 
in Table II. The yields of each compound are given as the per cent of total 
radioactivity represented by the peaks in the chromatogram. From these 
observations it was concluded that in this method reproducible results 
among duplicate samples of the same gland were obtained. 

Relative Rates of Synthesis of Iodinated Compounds in Thyroid of Ani- 
mals—Since it has been generally postulated that the stages of synthesis of 
thyroid hormone progress from inorganic iodide through intermediate io- 
dinated compounds to thyroxine, attention was directed toward the relation 
of time to the yield of various compounds in the chromatogram. There- 
fore, the data from various rabbits, which were sacrificed at different periods 
after the administration of I'!, have been assembled in Table II. These 
data represent single and duplicate determinations. 

After 4 hours the yields of radioactive iodine in the thyroxine and Un- 
known 1 fractions were relatively low, while those of iodide ranged from 
high to low. As the interval of time between the administration of I'*' and 
the removal of the gland increased, the percentage yield of thyroxine and 
Unknown 1 increased and the iodide was less abundant (see Table II). 
Although the per cent uptake of the dose of I'*! by the whole gland was 
determined on only part of the animals, the available data strongly suggest 
that rabbits with the greatest uptake and the largest glands (as related to 
body weight) converted the I'*! most rapidly. It is also noteworthy that 
among the youngest animals there appeared to be more rapid conversion 
of I'*! than in older animals. 


11 While the first hydrolysate was being chromatographed, the second was re- 
frigerated at —10°. 
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TABLE II 


Percentage Yield of Iodinated Compounds in Thyroid Glands Containing Radioactive 
Iodine for 4, 24, and 48 Hour Intervals 


Duplicate hydrolysates and chromatograms on same thyroid are identified by 
braces. 


Nd | Hy Unknown | +4 Monoiodo- Diiodo- Unknown 
Chromatogram No. I'3t dose , Thyroxine odide h . 
. No. ‘ es 1 Todi tyrosine tyrosine 2 


4 hrs. after administration of I}! 


uC. 

46 300 3 6 52 19 19 0 
me | 300 3 2 38 19 32 7 
69 | 300 3 3 38 29 10 16 
74 | 300 5 6 | 15 15 53 6 
= | 500 7 15 6 | 30 42 
143 | 500 7 15 9 34 35 0 
147 | 500 5 13 166 | «32 34 
151 | 500 7 15 ee 22 0 
| 700 8 12 15; |; 429 36 
153 | 700 7 11 11 29 4] 

be a a 5 10 24 «| ~ «(26 32 

24 hrs. after administration of [)3! 

39 250 16 8 mn | OU 41 3 
41 100 17 14 13 22 34 0 
42 | 100 14 13 16 20 37 1 
64 300 17 17 M41 25 13 
65 300 17 17 11 18 20 17 
90 600 9 21 ; 31 16 16 
94 500 14 12 20 42 11 0 
95 500 14 13 20 38 13 3 
100 1000 6 8 8 33 | 44 0 
103 1000 =6p.l9 | 9 24 23 0 
115 500 100) |, aT oc aed 25 37 3 
117 | 100 | 8 8 11 | 35 39 0 

Average*........... | mf) 48 12) | 27 30 4 

48 hrs. after administration of I! 

70 300 | 12 12 11 24 | 39 3 
71 300 | 16 | 16 13 20 35 0 
100 | 1000 29 11 11 21 25 3 
114 1000 24 12 12 22 27 2 

Average™...........| mm | FB 12 22 32 2 


* When two determinations were made on a gland, the average of the two deter- 
minations for that gland was used for calculation of the averages appearing here. 
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Unknown Lodinated Compounds in Thyroid Tissue—Inorganic iodide, 
monoiodotyrosine, diiodotyrosine, and thyroxine in chromatograms pre- 
pared with the alkaline solvent were identified by comparing their positions 
with those in individual chromatograms prepared from known crystalline 
substances.” Two substances containing radioactive iodine, as illustrated 
in Fig. 2, remain unidentified; however, some characteristics of Unknown 1 
have been observed. 

When non-radioactive crystalline diiodothyronine was mixed with labeled 
Unknown 1 and rechromatographed, the non-radioactive diiodothyronine, 
identified by the ninhydrin reaction, reached a peak two fraction tubes 
preceding Unknown 1. This led to the belief that Unknown 1 was not 
diiodothyronine. Although rehydrolysis of Unknown | yielded some of 
the known iodinated compounds (see the previous section on additional 
hydrolysis) and might suggest that the substance was a polypeptide, in- 
creasing the hydrolysis time 3- to 7-fold in duplicate determinations did 
not diminish the yield of this unknown substance. Rehydrolyzing and 
rechromatographing labeled mono- and diiodotyrosine with a normal non- 
radioactive gland yielded traces of this unknown compound (Table I, Chro- 
matograms 109 and 101). Further study of Unknown | is in progress. 

Since the separation of thyroxine and Unknown | did not appear as 
complete as might be desired and because still another compound might 
be concealed in the area of the chromatograms where these compounds 
appeared near the solvent front, the fractions from this area were further 
studied. The contents of fraction Tubes 7 to 22" were pooled and re- 
chromatographed by three other methods. Two-dimensional paper chro- 
matography with n-butanol-water (9:1) and ethanol-water (19:1), a starch 
column with ¢ert-butanol-sec-butanol-water (2:1:1), and a starch column 
with n-butanol-0.05 nN sodium carbonate (9:1) all revealed only the two 
compounds as demonstrated in the original chromatogram. 

Unknown 2 has not been extensively studied. 


DISCUSSION 


By utilizing chromatographic methods, the iodinated amino acids of the 
thyroid gland have been separated more satisfactorily than by previous 
chemical methods. Although paper chromatography has been used for 
this purpose, starch column chromatography seems to be preferable for the 
study of these compounds in thyroid physiology. The reproducibility and 


2 The authors are very grateful to C. R. Harington for monoiodotyrosine. 

8 Radioactive thyroxine, prepared either chemically by an interchange reaction 
or obtained from radioactive thyroid tissue, when mixed with unlabeled diiodo- 
thyronine and chromatographed did not coincide with the position of the diiodo- 
thyronine. 

‘4 The solvent front usually was represented by Tubes 7 to 10. 
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the resolving power of the starch column method make it preferable for 
quantitative analysis. The starch column affords a direct means of iso- 
lating these compounds in separate tubes. The quantity of radioactive 
iodine may be determined in each of several hundred minute fractions 
which are clearly distinct from their neighbors by virtue of being in sepa- 
rate containers. When the distribution of the compounds is clearly known 
in a given sequence of tubes, the peak, comprising the purest and most 
concentrated portion of the compound, may be chosen in a highly selective 
fashion for further study. 

There are several objections to the previously described methods of sepa- 
ration. These objections are based on certain reactions which have a 
tendency to occur during the process of separation: the tendency for decom- 
position of the compounds, the tendency for synthesis of iodinated amino 
acids from iodide in vitro, which is present in the original biological speci- 
men, and the tendency for isotopic iodine, which may be used to label or 
date chemical sequences, to transfer from one compound to another. The 
experimental methods and studies described permit most of these objec- 
tions to be dismissed. Rosenberg (17), using an acid solvent, criticized his 
method for starch column separation of iodinated amino acids because of 
the suspected decomposition which took place. Harington and Pitt-Rivers 
(32) and Roche and Michel (28) have pointed out that diiodotyrosine is 
unstable in mildly acid or mildly alkaline solutions; however, the former 
authors have shown that in the absence of oxygen diiodotyrosine is stable 
and does not give rise to thyroxine. The possibility that diiodotyrosine 
may give rise to appreciable quantities of thyroxine or iodide during the 
described method of hydrolysis and chromatography seems very unlikely. 
As shown in Table I, Chromatogram 101, diiodotyrosine, as well as mono- 
iodotyrosine, was neither destroyed nor transformed into more complex 
molecules by using an alkaline solvent in the presence of sodium thiosulfate. 

The starch column affords a unique method for minimizing oxidation 
while the materials are being separated within the column, a situation 
which is less controllable in paper chromatography. By adding a reducing 
agent to the hydrolyzed material, protection is afforded until the sub- 
stances have entered the column of starch. During passage through the 
column the oxidation is limited to that which might be produced by air 
initially dissolved in the solvent entering the column. Compared to paper 
chromatography the chances of oxidation during chromatographic separa- 
tion on the starch column are believed to be far less. 

In contrast to Rosenberg’s results (17) with starch columns, the present 
method yielded inorganic iodide. Since Rosenberg described radioactivity 
remaining in the starch column, it seems likely that this represented at least 
some of the inorganic iodide and that it was not all lost by the previous 
evaporation of the hydrolysate to dryness in an acid medium. The loss of 
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iodide appears to be avoided by the presence of sodium thiosulfate and by 
precaution against heating, even though the evaporation was carried out 
in a temporarily acid medium. Furthermore, in our collateral experiments 
the final total recovery of radioactivity was not significantly less than that 
present in the original hydrolysate. 

Two unknown iodinated compounds have been isolated from thyroid 
tissue by the system of chromatography described. Gross and his asso- 
ciates (16, 21, 22, 24) have reported unknown iodinated compounds from 
thyroid tissue and blood, and Taurog et al. (25, 26) have found an unknown 
iodinated compound in bile. Although the solvent systems and adsorbents 
used by the above authors differ from those described here, Unknown 1 
bears similarity to the Unknown 1 of Gross and his associates by being in 
close proximity to thyroxine. It is possible that both unknowns represent 
the same compound. Gross and Pitt-Rivers (24) have recently identified 
their Unknown 1 as triiodothyronine and reported that it occurred in the 
plasma of man. Roche et al. (33) have identified the same compound. 
The Unknown 1 described here has also been found in the thyroid and 
plasma of man.!® 

Some of the experiments were designed to test the thesis that iodide in 
the normal thyroid gland is first synthesized into simple compounds and 
then ultimately into thyroxine. Comparing thyroid glands removed 4, 24, 
and 48 hours after the administration of I'*! disclosed that the I'*' first 
appeared as iodide, next as mono- and diiodotyrosine, and finally as thy- 
roxine. This is indicated by the values in Table II and supports the ex- 
perimental evidence of Taurog and Chaikoff (8), Mann ef al. (6), and 
Harington (34, 35) that the synthesis of thyroxine in the thyroid gland 
follows this sequence. Furthermore, the relatively large amounts and 
the minimal change in the amounts of mono- and diiodotyrosine with 
the passage of time, as shown in Table II, may indicate that these com- 
pounds serve as a holding mechanism for iodine, preparatory to the de- 
mand for the manufacture of thyroxine. 

Taurog and his associates (12, 13) have presented evidence that mono- 
iodotyrosine is not an artifact produced by the hydrolysis of thyroid tissue 
but represents one of the intermediate stages in the synthesis of thyroxine. 

Xehydrolyzing and rechromatographing various iodinated products from 
the thyroid gland yield only traces of monoiodotyrosine. Therefore, it 
seems unlikely that the hydrolysis of thyroid tissue produces appreciable 
amounts of monoiodotyrosine from other substances. 


SUMMARY 


A method of starch column chromatography has been described for quan- 
titative separation of the iodinated amino acids of thyroid tissue. Radio- 


'® Unpublished work. 
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active iodine served to locate and quantitatively separate these amino 
acids in chromatograms. An alkaline solvent was found to be preferable 
to an acid solvent. Undesirable reactions, such as interchange of iodine 
between compounds, freeing of iodine from amino acids, and synthesis of 
compounds 7n vitro during the analytical procedure, were all largely avoided 
by the methods described. 

Thyroxine, diiodotyrosihe, monoiodotyrosine, inorganic iodide, and two 
unknown iodinated compounds have been separated in duplicate determin- 
ations from the same homogeneous thyroid. The progressive accumulation 
of I'*! in the thyroxine fraction from the thyroid has been demonstrated in 
groups of animals sacrificed 4, 24, and 48 hours after the administration of 
['31__ Each of the known I'*!-labeled compounds, when rehydrolyzed in the 
presence of non-radioactive thyroid tissue, remained stable through the 
hydrolysis procedure, except that thyroxine yielded 17 per cent of its radio- 
activity as iodide without the production of mono- or diiodotyrosine. 


The authors wish to acknowledge the interest and many helpful sug- 
gestions offered by Dr. Ivan D. Frantz, Jr., and Dr. Robert B. Loftfield. 


Addendum—Since the preparation of this manuscript, further investigation has 
revealed that the compound identified as Unknown 1 in these studies is not triiodo- 
thyronine. Furthermore, the appearance of triiodothyronine in the starch column 
coincides with the thyroxine peak. This has been shown in the following ways: (1) 
Trace amounts of radioactive thyroxine, when chromatographed with non-radio- 
active triiodothyronine supplied by Smith, Kline and French, resulted in a maximal 
ninhydrin reaction which coincides with the radioactivity at the solvent front. 
(2) When a trace amount of radioactive triiodothyronine, prepared by Dr. Alexander 
Albert and Dr. John Braasch, was added to non-radioactive thyroxine and chro- 
matographed, the peak of the ninhydrin reaction coincided with the radioactivity. 
(3) When the peak identified as thyroxine was rechromatographed by paper chroma- 
tography with the solvent dioxane-butanol-ammonia, triiodothyronine was sep- 
arated and identified. 
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Previous studies from this laboratory have examined factors affecting 
the synthesis of glycogen from various substrates in rat liver slices (1-4). 
Variations in cationic composition have been found to exert particularly 
striking effects, optimal glycogen synthesis being obtained in media low in 
sodium but rich in potassium, calcium, and magnesium (1, 5, 6). Thus it 
appeared that an essentially intracellular cationic environment was better 
suited for the study of carbohydrate metabolism in hepatic tissue in vitro. 
The explanation for this finding may well be related to the observation of 
Flink, Hastings, and Lowry (7) and of Krebs, Eggleston, and Terner (8) 
that relatively high extracellular potassium concentrations are required to 
maintain a normal intracellular cationic pattern in liver slices. This is in 
striking contrast to the behavior of diaphragm (9) or brain slices in vitro (8). 

In more recent studies the use of substrates labeled with isotopic carbon 
made it possible to add to the estimation of net glycogen formation the 
measurement of the relative amounts of substrate which are utilized for 
glycogen synthesis, oxidation to carbon dioxide, and other metabolic reac- 
tions. The use of labeled glucose made it possible to distinguish between 
glucose added as substrate and glucose formed from other precursors 
and thus to measure glucose disappearance and production of newly formed 
glucose. Finally, when a combination of two substrates was used in the 
same experiment, the labeling of only one substrate at a time in parallel 
experiments enabled Hastings, Teng, Nesbett, and Sinex (6) to determine 
the relative amounts of each substrate utilized under varying conditions. 

This experimental approach permits the estimation of differences in the 
dynamic equilibrium of the metabolic activity of liver cells and can be 
used to determine the effects of various hormonal imbalances. A compara- 


* This work was supported in part by the United States Atomic Energy Com- 
mission, the United States Public Health Service, Swift and Company, and the 
Eugene Higgins Trust through Harvard University. 

+ Postdoctoral Research Fellow of the United States Public Health Serv’-e, 
1951-53. 
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tive study of glucose and pyruvate utilization in liver slices of normal, al- 
loxan-diabetic, pancreatectomized, adrenalectomized, hypophysectomized, 
diabetic and adrenalectomized, and diabetic and hypophysectomized ani- 
mals has therefore been made. In all experiments both glucose and py- 
ruvate were present in excess, although only one of the two was labeled in 
parallel flasks. The data obtained have been interpreted in terms of quan- 
titative changes in over-all substrate utilization and production of glycogen 
or glucose. Some of these experiments have been reported in a preliminary 
form (4, 10-12). 

Close relationships between nutritional state and the metabolism of ex- 
cised liver are well known. Since hormonal deficiencies may significantly 
alter both the food intake and the activity of the deficient animals, a study 
of the effects of fasting was included. 


Materials and Methods 


Animals—Male albino rats of the Wistar strain, raised in our own colony, 
weighing between 250 and 350 gm. were used. They were fed ad libitwm' 
unless otherwise noted. Diabetic or otherwise deficient animals were 
weighed daily for several days before use and care was taken to use them 
at a time when they were maintaining a steady weight. 

Alloxan diabetes was produced by the intravenous injection of alloxan 
monohydrate (40 mg. per kilo) after a 24 hour fast. The animals were 
used between 3 and 8 weeks after the injection. Blood sugar values were 
obtained 2 weeks after the administration of alloxan, a few days before 
using the animal, and at death. Fed rats were used only when their blood 
glucose values were 300 mg. per 100 ml., or over, on all three occasions. 
If the animal had been fasted prior to the experiment, a final blood glucose 
value of 150 mg. or over was accepted. 

Pancreatic diabetes was produced by the method of Foglia (13). A so 
called “95 per cent pancreatectomy” was performed on rats weighing 60 
to 100 gm. The onset and severity of diabetes in the four animals used 
are recorded in Table I. Some difficulty was experienced at first in keep- 
ing the animals alive after the pancreatectomy because of fatal hemolytic 
episodes occurring within a few weeks of the operation. This could be 
related to the presence in the animals used of a Bartonella infestation. It 
is known that splenectomy abolishes the acquired resistance to this organ- 
ism (14) and manipulation during pancreatectomy leads to a more or less 
marked interference with the blood supply to the spleen. When care was 
taken to avoid excessive manipulation of the splenic blood vessels, the 
incidence of these late hemolytic episodes was greatly decreased. 

1 Standard Purina laboratory chow containing, in addition to the accepted vitamin 


and mineral supplements, approximately 44 per cent carbohydrate, 23 per cent pro- 
tein, and 5 per cent fat. 
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Adrenalectomies and hypophysectomies? were performed according to 
standard operative techniques. Adrenalectomized rats were given 1 per 
cent NaCl as drinking water. The completeness of hypophysectomy was 
judged by (1) inspection of the operative field at death, (2) abol- 
ished growth, (3) decreased adrenal weight by 30 per cent or more when 
the rats were used after 12 to 15 days, by 40 per cent or more when used 
after 16 or more days, and (4) decreased testicular weight by 40 per cent 
ormore. Adrenalectomized rats were used 5 to 10 days after the operation, 
and hypophysectomized animals 12 to 24 days after the hypophysectomy. 


TABLE [I 
Diabetic History of Pancreatectomized Diabetic Rats 








Experiment |Experiment |Experiment |Experiment 
1 2 3 


gm. gm. gm. gm. 


Weight at pancreatectomy 85 65 80 80 

«death 310 380 385 485 

mos. mos. mos, mos. 

Time elapsed between pancreatectomy and 2 3 5 10 
lst occurrence of hyperglycemia 

Duration of hyperglycemia before death 2 2 2 1 


mg. per 100} mg. per 100 | mg. per 100 | mg. per 100 
ml. ml. ml, ml. 


Blood glucose values after 7 hr. fast 


1 mo. after operation 89 84 | 74 81 
After onset of hyperglycemia 338 325 342 354 
305 342 274 358 














360 365 386 366 





When adrenalectomy or hypophysectomy was performed on alloxan- 
diabetic rats, only animals with blood glucose values of 300 mg. per 100 
ml. or over for at least 2 weeks after the alloxan administration were used. 

Medium and Substrates—Unless otherwise noted, the medium used con- 
tained, in millimoles per liter, K+ = 110, Mg++ = 20, Ca++ = 10, HCO;- = 
40, Cl- = 90, CH;COCOO- = 40, and glucose = 20. The solutions were 
equilibrated with 5 per cent CO2-95 per cent Os, giving a pH in the presence 
of liver slices varying between 7.4 and 7.5. C-labeled glucose® was uni- 
formly labeled in all carbons and C'*-labeled pyruvate’ was labeled in the 
a-carbon position. In any one medium, only one of the two substrates 
was labeled with C". 


2 We are indebted to L. Nay in Dr. R. O. Greep’s laboratory, Harvard School 
of Dental Medicine, for performing the hypophysectomies. 
3 Uniformly labeled glucose was obtained from the Oak Ridge National Labora- 


tory. a-Carbon-labeled pyruvate was prepared by Dr. Manfred Karnovsky of this 
laboratory. 
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Methods—The experimental procedure, chemical methods, and isotopic 
analyses used were similar to those reported by Buchanan, Hastings, and 
Nesbett (1) and Hastings, Teng, Nesbett, and Sinex (6). 

Calculations—Initial and final glycogen concentrations, net change in 
glycogen content, and initial and final concentrations of glucose and pyru- 
vate in the media were calculated from the data obtained by chemical 
analyses. From these and the isotopic data further information could be 
obtained. The following calculations have already been presented in de- 
tail (6). 


(1) Glycogen formation from glucose 

(2) Glycogen formation from pyruvate 

(3) Glucose uptake 

(4) Glucose production from added pyruvate 


The following has been added. 


(5) (Glucose output) = (glucose uptake) + (net change of glucose) 


Thus the glucose output as calculated represents the unlabeled glucose 
molecules which are present in the medium at the end of the incubation 
period. These glucose molecules will have been derived from three sources: 
(a) pyruvate present as substrate, (b) glycogen originally present in the 
liver slices, and (c) unidentified precursors originally present in the slices. 
This last portion is of particular interest since it represents gluconeogenesis 
from precursors other than added pyruvate. Since in most experiments 
large amounts of glycogen were initially present in the sliced tissues, it was 
desirable to obtain some necessarily approximate estimation of the maxi- 
mal proportion of newly formed glucose which might have been derived 
from glycogen. Any net decrease in glycogen content of the liver slices 
during the incubation might of course be the result of glycogenolysis to glu- 
cose. In addition, however, any labeled glucose unit present in glycogen 
at the end of the incubation has originated from substrate glucose or py- 
ruvate, and, therefore 


(6) (Glucose from glycogen) = (initial glycogen) — (final glycogen) + (glycogen 
from glucose) + (glycogen from pyruvate) 


This includes the assumption that all phosphorylated glucose units de- 
rived from glycogen would be dephosphorylated and appear in the 
medium. When these figures are used to correct glucose output for glucose 
derived from glycogen, the correction applied will therefore tend to be ex- 
cessive. 


(7) (Glucose production from carbon precursors other than glycogen or pyruvate) 
= (glucose output) — (glucose from glycogen) — (glucose from pyruvate) 
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(8) The ratio, glycogen from glucose to glycogen from pyruvate, indicates the 
relative amounts of glucose-6-phosphate which have been derived from 
glucose or from pyruvate 


Since phosphoglucomutase and phosphorylase cannot presumably differ- 
entiate labeled from unlabeled phosphorylated glucose, the relative label- 
ing of glycogen deposited during the incubation will reflect the relative 
contribution of glucose or pyruvate to the glucose-6-phosphate pool. 

It should be stressed that calculations (6) and (7) are approximations, 
and that it is not surprising that the results obtained by them show a wide 
range of variation. 

Any “exchange”’ of labeled substrate, by which we mean uptake and sub- 
sequent output of labeled substrate molecules, is not measured in our sys- 
tem. All measurements are expressed in micromoles per gm. of wet liver 
per 90 minutes. 


Results 
Effects of Fasting 


Detailed measurements in individual experiments on fasted animals have 
been previously reported (6). Table II shows data from six experiments 
on rats fed ad libitum, as well as a summary of all experiments performed 
on animals fasted for 18 to 24 hours. It is evident that, in comparison 
with liver slices of fed animals, the liver slices of fasted animals deposit 
considerably less glycogen from glucose in the medium (by 65 per cent) 
and somewhat less glycogen from pyruvate in the medium (by 35 per cent). 
The ratio, glycogen from glucose to glycogen from pyruvate, is 2.4 in the 
fed animals and 1.3 in the fasted animals. Glucose uptake in the liver of 
fasted rats is approximately half what it is in fed rats. The total amount 
of new, unlabeled glucose formed is smaller in the fasted than in the fed 
state; however, the increased glucose production in fed animals is mostly 
accounted for by increased breakdown of glycogen initially present. The 
liver of fasted animals forms more glucose from pyruvate than does the 
liver of fed animals. The over-all disappearance of pyruvate is the same 
in both series. 

From these experiments it was apparent that fasting alone has marked 
effects on over-all measurements of carbohydrate metabolism of liver slices. 
It was therefore decided to compare animals fed ad libitum rather than 
fasted animals in the endocrine studies. 


Alloxan Diabetes and Pancreatectomy 


The measurements made in seven fed alloxan-diabetic animals are re- 
corded in Table III. In addition, to allow a comparison with the fasted 
normal series (Table II), the results obtained in eight fasted alloxan-dia- 
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betic animals are recorded. Marked deviations from normal are apparent 
in both series and warrant some elaboration. 

Although initial glycogen levels are quite comparable to those in livers 
of fed normal animals, there is both in fed and fasted diabetics a marked 
and consistent net glycogen decrease during incubation. Further- 


TABLE II 
Carbohydrate Metabolism of Liver Slices from Fed and Fasted (18 to 24 Hours) 
Normal Rats 
All results expressed in micromoles of glucose equivalents, glucose or pyruvate 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 
substrates see under ‘‘Materials and methods.”’ 





Glycogen Glucose 























Bel aR Pyru- 
Experiment No. From | | | From | From vate 
| a N Fre Fro sec 
| Initial Pind Paes pytu- | Uptake el — — a used 
Fed animals 
1 | 51.7 | +30.3| 27.8! 19.4) 58 | 63 | 13.6] 7.9! 41.5 345 
2 | 141.0 | +27.5 54.5) 17.7| 7% 79 9.1) 44.7 25.2) 294 
3 | 178.0 —1.0 50.0, 16.6) 75 80 9.9 67.6 2.5] 302 
4 49.4 +19.4 Zieh T1 6) 62 57 10 3, 13.9 32.8; 307 
5 280.0 | —15.0 | 24.0 10.8) 33 66 8 1 49.8 $.1) 2738 
6 196.0 | +20.5 | 34.3) 13.2) 61 | 69 8.3) 27.0 | 33.7} 291 
Mean.......| 149.5 | +15.1 |} 35.4) 14.9) 61 | 69 9.9) 35.3 | 23.8 302 
Fasted animals 

er <a = | - | nny Sn ee ae = 
red i 5 25.3 | 12.3, 9.7 33.6 39.6 15.6 24.0 301 
B60." 5.65... | SOT +1.4 | +0.8) +0.6) +2.5) 42.1) 41.1 42.1 +6 

No. of exper- | 

7 7 17 


iments..... 16 ee ae ie ee ee 


* Standard error. 


more, practically no labeled glucose is deposited as glycogen and only very 
little labeled pyruvate. The ratio, glycogen from glucose to glycogen from 
pyruvate, is 0.3 for fed diabetic rats, as compared to 2.4 for fed and 1.2 
for fasted normal rats. It is therefore apparent that less total glycogen 
has been deposited and that, of the glycogen deposited, 3 glucose units 
have come from pyruvate for every 1 from glucose, the almost exact. re- 
verse of the situation in fed normal animals. 

In contrast to the normal situation the glucose uptake values in the livers 
of diabetic rats show a rather marked variation. They are, however, con- 
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sistently lower than the corresponding figures in the normal series, the de- 
crease in mean glucose uptake being 51 per cent when comparing fed dia- 
betic with fed normal animals and 42 per cent when comparing fasted 
diabetics with fasted normals. 


TaBLeE III 


Carbohydrate Metabolism of Liver Slices from Fed and Fasted (18 to 24 Hours) 
Alloxan-Diabetic Rats 


All results expressed in micromoles of glucose equivalents, glucose or pyruvate 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 
substrates see > under “Materials | and methods.’ 











Glycogen Glucose 
" . + it Pe nae eee ee ee) Poo ee eee : Pyruvate 
Experiment No. | From | From | From | ~ used 
me i oN | Fr | F | 
Initial | dau ice Uptake | lianas pyre | | | Fecn | | 
Fed animals 
1 146.0  —32.0 Bk 7 117 3 
2 139.0 | —29.0 2.1) 5.7 28 | 171 34 36.8 | 100.2 293 
3 120.0  —38.0 1.0 3.0 42 197 37 42.0 | 118.0) 338 
4 148.0 | —22.5 3.6, 9.6 44 135 39 35.7 60.3) 300 
5 108.0  —43.0 | 0.7 4.1 46 | 144 | 40 47.8 56.2) 305 
6 111.0 | —55.7 0.8) 2.5 11 143 | 42 59.0 42.0} 322 
7 63.5 | —24.0 1.5 27 | 137 | | 290 
Mean....... 119.4 | —35.0| 1.5) 5.0 | 29.3) 149 | 38.4 | 44.3 | 75.3) 314 
Fasted animals 
Mean......[| 49.5|-17.1| 1.0, | 16.8) 73 | | 260 
S.e.*.......| 14.7 | 24.7) 40.1 | #4.8 +5.1 | +6.5 
No. of exper-| | | | | 
iments... .| aed Se bist | 8 8 | | § 


| | | | 


* Standard error. 


Another very evident and immediately noticeable abnormality of dia 
betic liver slices is the very marked increase in glucose production. This 
increased glucose production is accounted for to the extent of about one- 
third by glycogenolysis; approximately a further third is due to increased 
conversion of pyruvate to glucose, and a final third to increased glucose 
production from unidentified precursors. 

Since it is known that alloxan may be toxic to hepatic cells even in the 
dosage used, and might thus conceivably produce some metabolic abnor- 
mality independent from the resulting diabetes, it was felt desirable to find 
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out whether the liver of pancreatectomized rats would behave in similar 
fashion. As is evident from Table IV, this is indeed the case. It should 


TaBLe IV 
Carbohydrate Metabolism of Liver Slices from Fed and Fasted (18 to 24 Hours) 
Pancreatectomized Diabetic Rats 


All results expressed in micromoles of glucose equivalents, glucose or pyruvate 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 
substrates see under ‘‘Materials and methods.” 








Glycogen Glucose 

Experiment No. a ‘iia ; oe j ile Pyruvate 

ve Net ° | Out- F used 

Initial | change | Siu pyr iets put | Pyru | slyco- | 

1 (Fasted) | 100.0) -4.0/5.4| |19 | 92 255 
2 « 122.0 | —33.0 | 1.3} 3.6! 22 | 181 | 18.7 | 37.9 | 74.4 | 278 
: * 80.0} +1.5 | 1.4 | 2.1 | 20 9318.5 | 2.0| 72.5. 238 
4 (Fed) | 140.0 | —33.0/2.4| 5.4) 4 92 | 22.0/ 40.8 | 29.2 272 
Mean.......| 110.5 | —17.1 | 2.6 | 3.7 | 16.2 | 102 | 19.7 | 26.9 | 58.6 | 261 


TABLE V 
Carbohydrate Metabolism of Liver Slices from Fed Adrenalectomized Rats 
All results expressed in micromoles of glucose equivalents, glucose or pyruvate 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 
substrates see under ‘‘Materials and methods.”’ 











Glycogen Glucose 
Experiment No. | | ‘a | | From ee Bre Fa By ravate 

Boe Net | F | F usec 

| Initial | wha — [Bote out = | Cs | | 

lite ta ; i (al ine a Se SA Ss aie | 

1 | 42.5 | 427.0 | hie | ah 42 AG | OT Bee | 35.4 245 
2 89.0 0 18.2 9.0 | 39 64 10.7 | 27.2 | 26.1 297 
3 | 46.0 | +19.0 | 16.7 | 12.5 | 30 52 15.1 | 10.3 | 26.6 295 
4 41.2 | +24.3 | 13.0 9.2 | 81 | 88 9.6 0 | 78.4 260 
5 59.8 | +36.9 | 14.6 | 11.8 | 73 | 86 9.6 | 0 76.4 282 
Mean.....| 55.7 | +21.4 | 16.0 | 10.7 | 53.0 | 67.4 | 11.0! 7.8! 48.6 276 


also be noted that the high fasting liver glycogen values which were ob- 
tained in alloxan-diabetic animals were also present in the pancreatecto- 
mized animals. 

Adrenalectomy Alone and Combined with Alloxan Diabetes 


The results obtained in both groups are recorded in Tables V and VI. 
Under the conditions of our experiments, the results with liver slices from 
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fed adrenalectomized animals did not significantly differ from those with 
liver slices from fed normal animals. The greater variability and the slight 
differences which are present might be interpreted as simply reflecting vari- 
ations in food intake. However, when adrenalectomy is superimposed on 
preexisting alloxan diabetes, the following effects are obtained: Net gly- 
cogenolysis is decreased and glycogen deposition from both glucose and 
pyruvate is slightly increased, the ratio, glycogen from glucose to glycogen 
from pyruvate, remaining, however, at the same typically diabetic value 
of 0.36. The glycogen measurements in no case even approached normal. 
In addition, while adrenalectomy does not increase the diabetic glucose 


Tasie VI 


Carbohydrate Metabolism of Liver Slices from Fed Alloxan-Diabetic, 
Adrenalectomized Rats 


All results expressed in micromoles of glucose equivalents, glucose or pyruvate 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 
subst rates | see > under “Materi als and methods.’ 





patie | Glucose | 


| 


: , 2 ps ora mca j Le yy ~~ |Pyruvate 
Experiment No. | ae | y “From | From | | Out- | From —_ From | "sed 

| Initia glu- | pyru- pytu- | glyco- 4 

| acta | cae | as | put | vite gen | X 








| 133.0 | —27.0 4.0 


8 93 | 21.0 | 40.8 | 31.2) 268 








1 0.8. 

2 | 82.0 | -17.5|2.5| 8.3| 16 | 108 | 29.0 | 28.3 | 50.7) 318 

3 | 1.4| +16.6 | 2.5| 9.3 | 23 BO 8.0 0 | 22.0 | 275 

4 | 44.0 | | +13.0 | 5.9 12.7/ 84 | 79| 14.6) 5.6) 58.8 277 

5 1.5 | ‘fi9.2 | 2:3. 10.8 | 23 | 52| 24.0) 0 | 28.0} 320 

6 23.7 | +4.6 | 2.6 | 12.1 | 37 | 75| 16.0 0 | 59.0) 271 

————— | |———. | ——_ 

Mean... are 3.3 | | 10.5 | 29.5 | 76 | 22.1 | 1 12.5 | 41.6 | 288 


uptake, it definitely decreases the output of new glucose. This decreased 
glucose output is accounted for by decreased formation of glucose both from 
pyruvate and from unknown precursors. 


Hypophysectomy Alone and Combined with Alloxan Diabetes 


The results are summarized in Tables VII and VIII. As in the case of 
adrenalectomy alone, hypophysectomy alone does not significantly alter 
the over-all carbohydrate metabolism of liver slices as measured in this 
series of experiments. The unusual values obtained in Experiments 10 and 
11 (Table VIT) are unexplained. When hypophysectomy is added to pre- 
existing diabetes, a picture very similar to that following adrenalectomy 
superimposed on diabetes is obtained, resulting mainly in a decrease of the 
excessive glucose production from glycogen, pyruvate, and unknown pre- 
cursors. In addition, there is consistently a small net glycogen increase 











542 CARBOHYDRATE METABOLISM IN LIVER. II 
during incubation, a quite definite increase in glycogen deposited from la- 
beled glucose, with a glycogen from glucose to glycogen from pyruvate 
ratio of 0.73, and some increase in glucose uptake. ' 
1S 
TasLe VII tel 
Carbohydrate Metabolism of Liver Slices from Fed Hypophysectomized Rats on 
All results expressed in micromoles of glucose equivalents, glucose or pyruvate (1 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and ba 
substrates see under ‘‘Materials and methods.”’ - 
oe - to) 
Glycogen Glucose in 
: : |Pyruvate m 
Experiment No. . From From | From ed 
st, Net | F : ; i From: |) Ss 
| Initial tenes Fier cna pytu- Uptake Output hag | _— a of 
2 ca sa 
1 94.0 | +13.5 | 19.3 45 | 55 | 300 in 
2 38.0 | +48.5 | 38.5 44 24 290 ne 
3 38.0 | +30.5 | 18.8 37 | 41 294 th 
4 13.7 | +31.9 18.8 37 33 272 ha 
5 52.2 | +25.5 | 16.8 62 58 339 ee 
6 12.3 | +47.2 | 27.3 15.8 | 54 | 33 | 12.0] 0 | 21.0| 285 - 
rf 346.0 | —50.0 26.6 3.9 | 37 36 3.1 | 80.5 0 185 ta 
8 157.0 —5.0 | 39.6 7.4 | 79 64 7.6 | 52.0 4.4 245 tis 
9 154.0 0 27.5 | 7.6 | 40 39 7.4 | 35.1) 0 206 
10 58.5} 42.5] 3.5 | 8.2/| 63 (119 26.0 | 9.2 | 83.8 | 287 di 
1] 90.5 | +22.5 | 6.6 | 13.2 | 44 94 | 16.8, 0 tdi | 246 f 
ret wae eet Be eae aS aes See 0 
Mean....| 95.8 | +15.2 | 22.1 | 9.4 49.3 | 54.2 | 12.2 | 29.5 | 31.1 271 is 
- ——— - al 
Taser VIII Ve 
Carbohydrate Metabolism of Liver Slices from Fed Alloxan-Diabetic, st 
Hypophysectomized Rats de 
All results expressed in micromoles of glucose equivalents, glucose or pyruvate Tl 
per gm. of wet liver per 90 minutes. For the unvarying composition of media and 3. 
substrates see under ‘‘Materials and methods.”’ W' 
Glycogen | Glucose fr 
es a ps | . F ah te lin 
oO. ie Net F rom | rom ols | F usec 
Initial iene Biren —_ Uptake Output ded = . : 
1 6.2/ +12.6| 5.2 | 6.2| 39 | 93 | 29.4| 0 | 63.6! 308 10 
2 10.2 | +25.9;| 9.6 | 11.5] 55 53 | 16.9] 0 36.1 | 262 of 
3 4.9 +18.0 5.8 8.3 54 48 | 23.5 0 24.5 288 of 
4 70.0  —11.3 4.3 8.1 25 111 20.0 | 23.7 | 67.3 266 cle 
5 2.2 | +28.3 9.1 9.7 48 55 1.0.) 0 42.5 271 de 
6 40.5 +9.0 4.0 8.0 43 124 22.0 3.0 ; 99.0 306 
Mean...! 22.3 | +13.7 6.3 8.6 44 80.7 | 20.7 4.5 | 55.5 287 ti 
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DISCUSSION 


In recent investigations of the abnormalities of carbohydrate metabo- 
lism in diabetes mellitus, attention has been directed mostly to the charac- 
teristic decrease in glucose utilization. This has been most clearly dem- 
onstrated in systems utilizing isolated muscle or eviscerated animals 
(15-19). In addition, Chernick and Chaikoff, using rat liver slices incu- 
bated in a low potassium medium, have demonstrated impaired hepatic 
glucose utilization in alloxan diabetes, further postulating that this was due, 
in part at least, to a decrease in glucokinase activity (20). Our experi- 
ments also show a decreased over-all hepatic glucose uptake in liver slices 
of alloxan-diabetic rats. Fasting alone may decrease glucose uptake to the 
same extent as the presence of alloxan diabetes in fed animals. This may, 
in part, explain why liver slices from fasted rats show some metabolic ab- 
normalities usually associated with diabetes, such as a marked decrease in 
the ability to synthesize fatty acids from glucose or acetate (21, 22). It 
has been suggested that the presence of a high degree of glycolytic activity 
is necessary to facilitate fatty acid synthesis (21, 23). The importance of 
taking into account the nutritional state of experimental animals whose 
tissues are used for metabolic studies is thus again demonstrated. 

While a decreased glucose uptake is present in liver slices from alloxan- 
diabetic rats, it is, on the other hand, quite clear that excessive production 
of glucose from glycogen, from pyruvate, and from unidentified precursors 
is a striking characteristic. Glucose production in liver slices from fed 
alloxan-diabetic rats is regularly increased to 200 or 300 per cent of the 
values obtained in normal liver. This is in agreement with the findings of 
Stetten, Welt, Ingle, and Morley (24) in the intact animal, although the 
degree of the abnormality is even more striking in isolated liver tissue. 
This suggests that in diabetic liver there is an accelerated conversion of 
3-carbon intermediates into 6-carbon intermediates of the glycolytic path- 
way. This is further substantiated by the reversal of the ratio, glycogen 
from glucose to glycogen from pyruvate, from greater than 1 in normal 
liver to values considerably smaller than 1 in diabetic liver, suggesting that 
the glucose-6-phosphate pool from which glycogen is presumably derived 
is made up, for the diabetic, of about 3 molecules derived from pyruvate 
for each | molecule derived from glucose. The almost complete inhibition 
of glycogen deposition from glucose in the liver of alloxan-diabetic rats may, 
of course, be related to the decreased glucose uptake. However, glycogen 
deposition from pyruvate is also markedly reduced in the diabetic animals, 
despite normal pyruvate disappearance from the medium. 

Experiments on liver slices of alloxan-diabetic rats have often been ques- 
tioned as to their correspondence with livers from pancreatectomized ani- 
mals. It was therefore reassuring to find that the behavior of liver slices 
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from pancreatectomized diabetic rats in our system was in all points com- 
parable to that of liver slices from alloxan-diabetic animals. 

The finding that the main effect of adrenalectomy superimposed on al- 
loxan diabetes was to reduce excessive glucose formation from both 
pyruvate and unknown precursors is in agreement with Welt, Stetten, 
Ingle, and Morley’s conclusive demonstration of a marked increase in glu- 
coneogenesis following the administration of cortisone (25). Hypophy- 
sectomy superimposed on diabetes had the same effects as adrenalectomy, 
and in addition produced a small increase in glucose uptake. This may 
be related to present concepts of the antagonistic effects of insulin and pi- 
tuitary hormones on glucose uptake at the periphery, and particularly in 
isolated diaphragm (26, 27). 

Whereas the liver glycogen content of normal animals after an 18 to 24 
hour fast is practically negligible, the liver of alloxan-diabetic animals sub- 
jected to the same period of fasting contains considerable quantities of 
glycogen. In eighteen such animals we have found an average liver gly- 
cogen concentration of 76.7 in the range from 10.2 to 151.0 um per gm. 
This has been first noted in alloxan-diabetic animals by Tuerkischer and 
Wertheimer (28) and has since been repeatedly confirmed. It is interest- 
ing to note that it is also true in pancreatectomized animals. It would 
appear possible that this is a consequence of the presence in diabetic 
animals of an intense gluconeogenesis. That this may well be so is further 
supported by preliminary experiments in our laboratory, showing that 
adrenalectomy or hypophysectomy, which in the liver slices decreases glu- 
coneogenesis from both pyruvate and unknown precursors, reduced liver 
glycogen values of fasted alloxan-diabetic rats to barely measurable levels. 
It should be emphasized that a high liver glycogen concentration may be 
produced by two entirely different situations: one involving the uptake of 
large amounts of glucose from the extracellular space and the other, the 
endogenous production of large amounts of phosphorylated glucose from 
nonglucose precursors. The glycogen level as such does not permit the 
differentiation between a liver in positive and a liver in negative carbohy- 
drate balance. 


SUMMARY 


1. Over-all measurements of carbohydrate metabolism in rat liver slices 
have been made in a system designed to preserve a normal intracellular 
cationic environment. The influence of fasting and of hormonal imbal- 
ances on the preferential utilization of glucose or pyruvate, present simul- 
taneously in the medium, has been studied. 

2. When compared with liver slices of fed animals, liver slices of fasted 
animals show a decreased glucose uptake, a decreased deposition of glyco- 
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gen from glucose, and an increased production of glucose from pyruvate. 
It seemed opportune therefore to compare fed animals only in the endocrine 
studies. 

3. The presence of diabetes, following either alloxan administration or 
partial pancreatectomy, results in a diminished glucose uptake, in an al- 
most completely inhibited glycogen deposition from glucose, and in a mark- 
edly increased formation of glucose from pyruvate, from glycogen, and 
from unknown precursors. 

4. Under the conditions of these experiments adrenalectomy alone does 
not significantly alter over-all carbohydrate metabolism of liver slices. 
When superimposed upon preexisting diabetes, however, adrenalectomy re- 
sults in a striking decrease of the excessive gluconeogenesis from pyruvate 
and unknown precursors. 

5. Hypophysectomy both alone and superimposed upon preexisting dia- 
betes affects carbohydrate metabolism of liver slices in a manner quite 
similar to adrenalectomy. In addition, hypophysectomy suggestively in- 
creases the low glucose uptake of diabetic liver towards normal. 

6. The presence of relatively high concentrations of glycogen in liver of 
alloxan-diabetic rats fasted for 18 to 24 hours was confirmed, and the ob- 
servation was extended to include partially pancreatectomized animals. 

7. An evaluation of the significance of these findings and of their correla- 
tion with established facts has been attempted. 
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METABOLISM OF IODOBENZENE* 


By GORDON C. MILLS ann JOHN L. WOOD 


(From the Department of Biochemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, April 9, 1953) 


Metabolism of aromatic hydrocarbons and their halogen derivatives oc- 
curs in vivo by at least two mechanisms. In the first, hydroxylation pro- 
duces dihydrodihydroxy and dihydroxy derivatives and phenols. Such de- 
rivatives are usually conjugated and excreted as glucuronides and ethereal 
sulfates. In some instances further oxidation of the hydroxy derivatives 
yields products resulting from fission of the aromatic rings. A second 
mechanism involves mercapturic acid formation. Some metabolic destruc 
tion of mercapturic acids likewise occurs (1), but for the most part they 
are excreted in the urine. 

The percentage of dose which is converted in vivo to mercapturic acids 
varies widely from one compound to another. No mercapturic acids are 
excreted at all following administration of alkylaryl hydrocarbons such as 
toluene, or after administration of compounds with structures derived from 
phenanthrene such as benzpyrene (2). The latter compounds are readily 
hydroxylated (3). 

Hydroxylation should be a process of greater capacity than mercapturic 
acid formation, since the latter draws on sulfur compounds of the body 
which are available only in limited amounts. These considerations suggest 
that mercapturic acid formation might be a secondary detoxication mech- 
anism which would operate only when the capacity of the organism for 
oxidation of hydrocarbon is exceeded. In order to investigate the relative 
roles of hydroxylation and mercapturic acid formation in detoxication, 
iodobenzene was administered to rats at four different levels. The com- 
pound was labeled with I'*! to facilitate ready measurement of the excretion 
products. It was found that 2.1 mg. of iodobenzene (approximately 8 mg. 
per kilo) yielded the same relative amounts of mercapturic acid and hy- 
droxylated derivatives as 15, 100, or 180 mg. 


EXPERIMENTAL 


Iodobenzene was prepared essentially by the method of Lucas and Ken- 
nedy (4) with modifications to adapt the synthesis to the micro scale. To 
3.6 mg. of dry potassium iodide labeled with I'*! (200 ue.) was added 0.11 

* This investigation was supported in part by a research grant, No. C1228, from 


the National Cancer Institute, of the National Institutes of Health, United States 
Public Health Service. 
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ml. (0.027 mo) of cold, diazotized aniline in a test-tube. The solution was 
overlaid with 2 ml. of petroleum ether. After 10 minutes at 0°, the test- 
tube was connected to a trap containing 2 ml. of petroleum ether (b.p. 60- 
75°) and was kept at 50° for 10 minutes. The petroleum ether in the trap 
and 2 ml. of 2 per cent potassium iodide solution were added to the reac- 
tion mixture. The water layer was frozen with an ice-salt bath and the 
radioactive iodobenzene solution was poured onto a 1 X 6 cm. alumina 
column. The frozen reaction mixture was washed with 2 ml. of petroleum 
ether which was added to the solution on the column. The column was 
developed with the same solvent. The effluent from the column contained 
all of the radioactive iodobenzene in the first 15 ml. The yields of 
iodobenzene in several preparations varied from 68 to 82 per cent of the 
theoretical. Most of the residual radioactivity remained in the water 
phase of the reaction mixture. No impurity in the synthetic product could 
be detected by ultraviolet absorption spectra studies or by paper chroma- 
tography. For the latter, the iodobenzene was dissolved in tricaprylin and 
the solution was placed on alumina-treated Whatman No. 1 filter paper 
prepared as described by Bush (5). After development with petroleum 
ether-tricaprylin (9:1), the strip was removed and immediately covered 
with Scotch tape. This prevented loss of the volatile iodobenzene. The 
radioactivity of the sections showed a symmetrical peak at Rr 0.88. A 
more sensitive purity test was afforded by fractional distillation in vacuo 
of a small sample diluted to 10 ml. with ordinary iodobenzene. Three 
successive 3.1 ml. fractions of identical specific radioactivity were obtained. 
The residue in the still contained a higher specific radioactivity which was 
calculated to indicate an estimated 1.6 per cent radioactive impurity in 
the purified synthetic material. In another preparation, the impurity was 
1.2 per cent of the total radioactivity. 

All the doses of radioactive iodobenzene were administered by stomach 
tube in 0.75 ml. of tricaprylin solution to male albino rats weighing from 
200 to 300 gm. (Table I). The radiation dose varied between 50 and 
150 we. The animals were kept in plastic metabolism cages which allowed 
the separation of urine and feces. The urine was collected in a receiver 
surrounded by an ice water bath. The animals were sustained on a diet 
of Purina dog chow checkers which contained adequate amounts of sulfur 
amino acids. Food consumption by rats given 180 mg. of iodobenzene de- 
creased to approximately one-half that of animals on control and lower 
dose levels. 

Radioactivities of the various samples containing ['*! were measured by 
liquid counting with a thin window type Geiger-Miiller tube. A thin 
aluminum foil cover over the cups prevented evaporation of the solvent, 
which was either 1 ml. of ethanol or 0.8 ml. of water. Feces were counted 
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dry as 0.8 gm. of pulverized samples. Radioactivity measurements on 
chromatograms were made on 5 mm. segments after the method of Gyérgy 


(6). 


TaBLeE I 
Excretion of Radioactivity after Iodobenzene Ingestion in Per Cent of Dose 
Iodobenzene ingested 
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Fig. 1. Chromatogram of rat urine after ingestion of 100 mg. of iodobenzene. 
The ethyl alcohol was allowed to flow to the top of the paper three times. The 
length of the alumina-treated paper was 16 cm. 


Fractionation of the urines by paper chromatography was accomplished 
with alumina-treated Whatman No. 1 filter paper. Ethanol was generally 
used as the developing agent. In some instances, untreated Whatman No. 
1 paper was employed with benzene-acetic acid-water (40:50:10), or n- 
butanol-acetic acid-water (50:5:45), for rechromatographing eluted spots. 
Fig. 1 shows the radioactivity pattern of one chromatogram of urine when 
the ethanol was allowed to rise on the paper three times. The paper was 
dried each time after the ethanol reached the top of the paper. Altogether, 
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five distinct compounds were separated by chromatography on alumina- 
treated paper. There was considerable overlapping which could be re- 
solved by rechromatographing the eluted areas. The eluted compounds 
were placed on paper in a solution which was 1 per cent in sodium chloride, 
0.4 per cent in disodium phosphate, and 2.5 per cent in urea. Glucuronides 
(Fractions 1 and 2, Fig. 1) were detected by the naphthoresorcinol test (7) 
carried out upon material eluted from the paper. Fractions 1 and 2 were 
each found to yield p-iodophenol after hydrolysis with 6 Nn HCl for 2.5 
hours. Unlabeled p-iodophenol was added to the hydrolyzed fractions. 
The p-iodophenol was transferred to filter paper by ether extraction and 
was sprayed with diazotized sulfanilic acid. The characteristic yellow spot 
of coupled p-iodophenol migrated with the radioactivity when the paper 
was developed with butanol-acetic acid-water (Rr 0.45). p-Iodopheny!- 
mercapturic acid (Fraction 3) was identified by rechromatographing the 
eluted spot after dilution with non-radioactive p-iodophenylmercapturic 
acid. The radioactivity migrated with the mercapturic acid which was 
identified by its absorption peak at 265 mu. This radioactive fraction was 
absent in chromatograms of urine which had been acidified and extracted 
with chloroform. Fraction 4, Ry 0.5, was rechromatographed with ben- 
zene-acetic acid-water and was found to have an R,y of 0.10. After hy- 
drolysis in 0.5 n HCl for 10 minutes at 100°, the Re in the same medium 
was 1.0. The unhydrolyzed material gave a deep blue color with 2,6- 
dichloroquinonechloroimide, which indicated that it was an ethereal sul- 
fate of p-iodocatechol, since only phenols which are unsubstituted para to 
the hydroxy group give an immediate color with this reagent. Fraction 
5 was found to contain p-iodophenol after hydrolysis with 0.5 n HCl for 
15 minutes. The p-iodophenol was identified in the manner previously 
described for Fractions 1 and 2. The compounds in Fractions 4 and 5 
were characterized as ethereal sulfates by injecting a rat intraperitoneally 
with carrier-free radioactive sulfate (2.9 X 10’ ¢.p.m.) immediately after 
the administration of 100 mg. of iodobenzene by stomach tube. Urine 
chromatograms were prepared by the procedure described for the experi- 
ment of Fig. 1. Radioactive peaks corresponding to the positions of Frac- 
tions 4 and 5 were observed. 


DISCUSSION 
The use of radioactive iodobenzene permitted a study of metabolism of 
the halogenated hydrocarbon at low dose levels. Over-all excretion studies 
(Table I) show that practically all the dose at the 2 and 16 mg. levels was 
metabolized and excreted the Ist day, while the 180 mg. dose (approxi- 
mately 720 mg. per kilo) required 2 days. Consequently only the latter 
may be considered to have stimulated the detoxication mechanisms to their 
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maximal capacities during the Ist day. The lower doses gave opportunity 
to observe the importance of mercapturic acid formation relative to hy- 
droxylation. The results show that mercapturic acid formation is likely 
an obligatory mechanism for detoxication of halogenated benzenes. The 
nearly constant percentages of mercapturic acid formation at levels of 8, 60, 
or 400 mg. per kilo of dose of iodobenzene (Table II) emphasize this reac- 
tion to be independent of the hydroxylation reaction. 

After administration of chlorobenzene to the rabbit, Smith, Spencer, and 
Williams (8) found the hydroxylated derivatives excreted to be principally 
conjugates of chlorocatechol, while dihydrodihydroxychlorobenzene and 
p-chlorophenol were only minor metabolites. With the rat, the corres- 
ponding iodophenol conjugates appear to predominate. The separation of 
two glucuronides which yielded p-iodophenol on hydrolysis suggests that 


Tase IT 
Effect of Dose on Metabolites of ITodobenzene in Per Cent of Excreted Radioactivity 


Mercapturic 


aad Glucuronides Ethereal sulfates 
Iodobenzene ingested 
Fraction 3 Fraction 1 Fraction 2 Fraction 4 Fraction 5 
mg. 
2 57 ti2 13.1 9.0 14.2 
15 51 9.6 17.5 6.6 16.5 
100 56 8.2 16.5 4.0 14.2 
180 40 16 17 9 18 


either Fraction 1 or Fraction 2 was the glucuronide of dihydrodihydroxy- 
iodobenzene. 


SUMMARY 


The metabolism of iodobenzene has been studied to determine whether 
mercapturic acid formation would be eliminated at low dose levels of the 
hydrocarbon. After administration to rats of iodobenzene-I'*! of high spe- 
cific activity, the urine contained two glucuronides, p-iodophenylmercap- 
turic acid, and two ethereal sulfates which have been separated by paper 
chromatography. A 50-fold variation in the dose of iodobenzene did not 
bring about any appreciable change in the relative amounts of these uri- 
nary metabolites. 
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METHOD FOR THE DETERMINATION OF 
HEXOSAMINES IN TISSUES 


By NORMAN F. BOAS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, January 26, 1953) 


During the course of investigations on the metabolism of hexosamines in 
animal tissues, absorption spectra of the color produced in the hexosamine 
method of Elson and Morgan (1) revealed the presence of interfering chro- 
mogens. Similar types of interference have been noted in studies on the 
jelly coat of sea-urchin eggs (2), Neurospora (3), and pineapple plants (4). 
Hexosamines were found to produce a color with a specific absorption spec- 
trum. This was used as a guide to develop a quantitative method for their 
separation from interfering chromogens by means of a cation exchange 
resin. The hexosamine method of Elson and Morgan has been modified 
to correct for several heretofore undefined and critical variables. 


Methods 


Many substances (mostly non-basic) produce colors which interfere with 
the determination of hexosamine in the method of Elson and Morgan. 
Since hexosamines (glucosamine and galactosamine) are basic sugars, it is 
possible to adsorb them on a cationic exchange resin, whereas interfering 
chromogens are not adsorbed and pass through. The hexosamines are 
then eluted and determined in a modified Elson and Morgan method. 

Materials—Ion exchange columns measuring 25 cm. in length are made 
from 10 mm. Pyrex glass tubing; the lower ends are tapered to an opening 
of 1 to 2 mm.; the columns are held vertically by clips on a rack. To pre- 
pare the columns for receiving the resin, small amounts of Pyrex glass wool 
and sand, respectively, are introduced into the lower ends and covered with 
a filter paper circle. Dowex 50 (250 to 500 mesh) is washed slowly several 
times on a Biichner funnel with 2 N sodium hydroxide, 2 n hydrochloric 
acid, and distilled water in that order and freed of excess moisture by suc- 
tion. A 1:1 (weight per volume) suspension of the resin in water is pre- 
pared. Immediately after vigorous shaking, 5 ml. of the suspension are 
quickly pipetted into each column. After a filter paper circle is placed on 
top of. the resin, the columns are ready for use. When not in use, the tops 
of the columns are stoppered. 

Certain reagents for the hexosamine method (1) are specially prepared. 
Acetylacetone, which has become brown on standing, produces a pink 
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color in the hexosamine procedure. It is, therefore, redistilled in vacuo 
and only the first colorless fraction is used. The p-dimethylaminobenz- 
aldehyde is recrystallized by adding a concentrated alcoholic solution to 
5 volumes of water. The concentrations of the reagents used have been 
modified as indicated in the procedure. 

Hydrolysis of Tissue—Optimal hydrolysis conditions must be established 
for each type of sample studied. This is done by hydrolyzing replicate 
samples in a boiling water bath at different concentrations of hydrochloric 


TABLE I 
: Destruction of Glucosamine (0.02 Mg.) by Hydrochloric Acid after Heating (100°) for 
16 Hours 
. Hydrochloric acid 
on | 2n | 3m | 4n | SN 6N 
ee ee ee = —————— | as 1 ee een —- |. 
Optical density, 580 my............ 0.137 | 0.137 | 0.132 | 0.128 | 0.122 | 0.109 
PP ETACHION Goisie. 6s o ecw ca nrrcideces | 0 0 | 3.6 | 6.6 11.0 20.4 
| | | 
TaBLe IT 
Hydrolysis Conditions for Maximal Yield of Hexosamine from Tissues (100°) 
Tissue Hydrochloric acid Time 
N hrs. 
Rite ee me Seite i) ees d Sect ete  ss etes Sask 1-2 15 
3 7 
UMM ete Sak ple pi eps eWs neve shevine 9.85% , 2-3 | 7 
Oe CCR 1) i a ar rn | 4 | 15 
Connective tissue (retroocular)............. 4 | 15 
= ‘¢  (subeutaneous)........... | 4 | 15 
USCONN NOR) CS Jaci riie? rie kick Sets ew Gibs | 3 | 15 
RRR eres yen i orse atl dm dovse ds 2-4 | 1 


| or 


acid up to 6 N, varying time intervals up to 24 hours, and observing the 
conditions for maximal hexosamine liberation. These conditions represent 
a balance between hexosamine liberation and destruction, since glucosamine 
is partly destroyed after 15 hours in concentration of acid greater than 2 
N (see Table I). Optimal hydrolysis conditions for certain tissues are 
given in Table II. In practice, an unknown sample, dry or in solution 
(1 to 2 ml.), estimated to contain 0.030 to 0.300 mg. of hexosamine, is 
placed in a 10 ml. glass-stoppered volumetric flask and 2 ml. of the acid 
are added. The flask is heated in a boiling water bath for the predeter- 
mined length of time, cooled, and filled to the 10 ml. mark with water, and 
the hydrolysate is filtered. 
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Resin Separation of Hexosamines—A 1 to 10 ml. aliquot of the hydrol- 
ysate, containing 0.015 to 0.150 mg. of hexosamine, is transferred to the 
ion exchange column. The volume used depends upon the normality of 
the acid in the hydrolysate. Glucosamine will be completely adsorbed on 
the resin if the volumes do not exceed the following: 10 ml. of 0.25 Nn, 5 ml. 
of 0.5 N, or 2 ml. of 1 N acid. 10 ml. of distilled water are added after the 
unknown has passed through. The effluents of the hydrolysate and the 
wash water contain the interfering substances and are discarded. Follow- 
ing the removal of the wash water, the hexosamines are eluted with 2 N 
hydrochloric acid and collected to the mark in a 5 ml. volumetric flask. 
An aliquot of the effluent is used for the hexosamine determination below. 

The column is treated with 12 ml. of 2 N sodium hydroxide and regen- 
erated with 15 ml. of 2 N hydrochloric acid. 4 ml. of 2 N acid are left in 
the column. Before the column is used again, the acid is permitted to run 
through to remove the small amounts of resin which may go into solution 
on standing, since Dowex 50 will produce a pink color which interferes with 
the hexosamine determination. Several columns have been used more 
than thirty times without evidence of impaired usefulness. 

Hexosamine Determination—A 1 to 3 ml. aliquot of the acid effluent 
(estimated to contain 0.010 to 0.030 mg. of hexosamine) is pipetted into a 
10 ml. glass-stoppered volumetric flask. The volume selected must be the 
same for all samples in each set of determinations. Duplicate standards 
are prepared by adding 1 ml. of a glucosamine hydrochloride solution 
(0.020 mg.) to each of two flasks and water to make the volumes equal to 
that chosen for the unknown. A reagent blank containing a volume of 
water equal to that of the unknown is prepared. With 1 drop of 0.5 per 
cent phenolphthalein in alcohol as the indicator, 4 N sodium hydroxide is 
added to each flask until the samples just turn red. 0.5 N hydrochloric 
acid is then added drop by drop to each flask until the indicator color just 
disappears. To make the salt concentration the same in all flasks, 4 N 
sodium chloride is added to the standards and blank in a volume equal to 
that of the sodium hydroxide used in the unknown. The final volumes 
are made the same by adding water, as needed, to adjust for differences in 
the number of drops of hydrochloric acid used. The acid and water drop- 
pers are calibrated to deliver drops of the same volume. 

1 ml. of acetylacetone reagent (2 per cent solution (volume per volume) 
of acetylacetone in 1 N sodium carbonate) is added to each sample. The 
flasks are stoppered and suspended in a water bath at 89-92° for 45 min- 
utes. After cooling the flasks in a water bath at room temperature, 2.5 
ml. of ethyl alcohol are added; after mixing, 1 ml. of Ehrlich’s reagent 
(2.67 per cent solution (weight per volume) of »-dimethylaminobenzalde- 
hyde in 1:1 mixture of ethyl alcohol and concentrated hydrochloric acid) 
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is added. After careful shaking, the flasks are made up to volume with 
ethyl alcohol and the solutions are transferred to calibrated Pyrex test- 
tubes (10 X 125mm.). 1 to 2 hours after the addition of Ehrlich’s reagent, 
the optical densities are read at 530 my on a Coleman junior spectropho- 
tometer. 

A correction factor of 0.829 is necessary to express values of the unknown 
in terms of free hexosamine, since glucosamine hydrochloride (0.020 mg.) 
is used as a standard. Hexosamine (mg.) in the sample = (optical density 
of the unknown)/(optical density of the standard) X (0.020)(0.829). 


EXPERIMENTAL 


Resin Separation—The hydration of the Dowex 50 was least in acid sus- 
pension and greatest in water. When the resin was added to the columns 
in acid suspension, subsequent addition of water caused sufficient expansion 
to decrease the flow rate greatly and make use of the resin impractical. 
The flow rate of the columns used in this method was constant for all 
solutions added, averaging about 5 ml. per 40 minutes. 

2 Nn hydrochloric acid was found to elute glucosamine quantitatively 
from the column in the first 5 ml., whereas 10 ml. of 1 N, 15 ml. of 0.5 Nn, 
and more than 20 ml. of 0.25 N acid were required for complete elution. 

Almost all biological tissues hydrolyzed with acid were found to develop 
a soluble brown pigment, which was completely adsorbed by Dowex 50, 
under the conditions of this method. It remained on the column after 
elution of hexosamines, but was completely removed by subsequent wash- 
ing with sodium hydroxide. The hexosamine-containing effluent was color- 
less. 

Hexosamine Determination—The condensation reaction with acetylace- 
tone was shown to be extremely sensitive to varying conditions, such as the 
volume of the sample and the concentration of salt. There appeared to be 
no one optimal pH value, as suggested by Sgrensen (5) and Schloss (6). _ If, 
however, the volumes and salt concentrations were made equal in a given 
set of determinations, and a precise neutralization schedule was used, the 
pH of the reaction (glass electrode) was a constant value (0.03) in the 
range 9.31 to 9.90, depending on the volume of the hydrolysate sample 
and its salt concentration. 

The maximal optical density of the color produced by glucosamine was 
obtained after heating for 45 to 60 minutes in a water bath at 89—-92°. 
Heating in a water bath above 93° caused incomplete formation of the 
acetylacetone condensation product at 30 minutes and its destruction after 
30 minutes. The glucosamine color spectrum resulting from the reaction 
above 93° had two maxima at 530 and 550 mu, whereas at 89-92° it had a 
single peak at 530 mu. Hexosamines were the only substances shown to 
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produce a color with a single absorption peak at 530 my in this procedure. 
Since chromogens which interfere in the hexosamine method (see below) 
produced colors with absorption peaks at 530 and 560 to 570 my, heating 
in a boiling water bath, as recommended in all previous methods, greatly 
reduced the spectrum specificity of the reaction. 

Absorption Spectra of Interfering Colors—Detection of interference in the 
hexosamine method depends upon examination of the absorption spectra 
of the colors produced, since most of the interfering colors are red and 
visually indistinguishable from that produced by hexosamines. With a few 
exceptions, the interfering colors were shown to have an absorption spec- 
trum with two peaks at 530 and 560 to 570 my, similar to Curve II in Fig. 
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Fig. 1. Absorption spectra of color products in the hexosamine method. Curve 
I, untreated liver hydrolysate; Curve II, interfering color separated from hexos- 
amine with Dowex 50 (water effluent); Curve III, hexosamine separated from the 
liver hydrolysate with Dowex 50 (acid effluent). (Beckman spectrophotometer, 
model DU.) 


1, whereas hexosamines were the only substances shown to produce an 
absorption spectrum with one peak at 530 my. (See.Curve III in Fig. 1.) 
Examination of these absorption spectra is therefore useful in establishing 
the presence or absence of interfering chromogens in biological tissues and 
indicating whether ion exchange separation is necessary. Spectra of the 
colors produced by separated hexosamines must also be examined to check 
the completeness of purification. 

All the sugars studied produce this type of interference. These included 
glucose, mannose, fructose, galactose, glucuronic acid, ascorbic acid, sedo- 
heptulose,! ribose, pt-glyceraldehyde, and dihydroxyacetone. Other work- 
ers have reported interference from sucrose, invert sugar (4), sorbose, 
fucose, and xylose (3). Acid hydrolysis only partially destroyed the chro- 
mogenic properties of some of these sugars. 

Most of the amino acids studied here and by others (3, 4, 7) did not 


1 The sedoheptulose was kindly supplied by Dr. Bernard L. Horecker. 
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interfere with the hexosamine determination. A reaction product formed 
from sugars and amino acids, however, was chromogenic (3, 4, 7), and pro- 
duced a red color with a spectrum similar to that of the sugars alone. The 
amino acid-sugar color, in contrast to that produced by sugars alone, de- 
veloped in the absence of acetylacetone. Other substances interfering were 
pyrroles (peak at 550 my) (6) and indole (peaks at 540 and 570 my). 

The hydrolysates of chick thyroid and almost all rat tissues tested in the 
hexosamine method produced interfering colors. These included liver, 
thyroid, submaxillary and Harderian glands, skeletal and heart muscle, 
brain, testis, skin, lung, kidney, adrenal, pituitary, spleen, retroocular and 
subcutaneous connective tissue, and thymus. The color produced by all 
was red with absorption maxima at 530 my and 560 to 570 muy similar to 
those of the sugars and to those of Curve II in Fig. 1. 


TaBLeE III 
Precision of Hexosamine Method 
Twenty samples were used in each determination. 


Glucosamine hydrochloride 


0.005 mg. 0.010 mg. 0.020 mg. 0.040 mg. 


Mean optical density.................... veeeeses+}| 0.081 | 0.061 | 0.118 | 0.226 
UANOATAVGBVIAVION, Gyis cise oho coisscies vec vvwe tv 6.4 Soe) jeol 2.4 
cs error of mean (duplicate samples)*....... 4.5 2.3 2.2 bet 


* Standard error of mean (duplicate samples) = (standard deviation) /+/2. 


The acid hydrolysate of fat extracted from subcutaneous tissue produced 
a deep blue-black color in the hexosamine method with one major absorp- 
tion peak at 590 mu. 

Precision of Hexosamine Determination—To ten glucosamine standards 
at each of four concentrations, 1 ml. of 1 N hydrochloric acid was added. 
After neutralization, the color was developed according to the method as 
described. This experiment was performed twice and the data from each 
were pooled (see Table III). The range between 0.010 and 0.030 mg. is 
the best to use, since below 0.010 mg. the standard deviation is relatively 
higher and above 0.030 mg. Beer’s law is not strictly applicable. Adequate 
comparisons with previously reported methods are not possible since they 
do not report measures of precision. However, in our hands, even the 
best modifications (8, 9) of the Elson and Morgan method have produced 
errors of 10 to 15 per cent. 

Accuracy of Resin Separation—Glucosamine (0.100 mg.) was added to 
each of twenty-six columns and treated according to the separation method 
described. One-fifth (1 ml.) aliquot of the acid effluents was carried 
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through the hexosamine method. The values obtained were compared 
with twenty-six standards, each containing 0.020 mg. of glucosamine. The 
mean optical density reading and per cent standard deviation for the glu- 
cosamine standards were 0.145 + 3.4 per cent, for the resin-treated samples 
0.143 + 4.2 per cent. In duplicate determinations errors would be 0.145 
+ 2.4 percent and 0.143 + 3.0 per cent, respectively ((standard deviation)/ 


TaBLe IV 
Ion Exchange Separation and Recovery of Glucosamine from Mixtures 
with Interfering Sugars 
Optical densities (O. D.) were obtained from two-fifths aliquot of the acid efflu- 
ents of the resin-treated mixtures and comparable aliquots of untreated mixtures. 





| Optical density 
Added to (a 














Mixture No. Samples resin Untreated | Tess mis Crecoveryt 
| by resin | by resin ! 
| mg. per cent | per cent 
1 Mannose | 0.50 
Glucose | 0.50 
Fructose | 0.50 0.168 | 0.108 58.5 102.0 
Galactose | 0.50 | 
Glucosamine: HCl | 0.05 | | | 
2 Glucuronie acid | 0.92 | | 
| Ascorbic acid | 1.00 | 0.132 | 0.104 | 24.5 98.1 
| Glucosamine: HCl | 0.05 | 
3 | Ribose bal | 
| Sedoheptulose | 1.00 | 0.114 | 0.108 | 7.5 | 97.2 
| Glucosamine-HCl | 0.05 | | | 
4 | pu-Glyceraldehyde | 0.50 | 
| Dihydroxyacetone 0.50 0.278 | 0.105 | 162.3 | 99.1 
| Glucosamine: HCl 0.05 | | | 
| 


1-4 os 0.05 | 0.106 


*Per cent interference = ((O. D., untreated) — (O. D., glucosamine))/(O. 
D., glucosamine) X 100. 
+ Glucosamine recovery = (O. D., treated)/(O. D., glucosamine) X 100. 


V2). Recovery of glucosamine was thus 97.9 + 3.0 per cent for duplicate 
samples or 97.9 + 4.2 per cent for single samples. 


Application of Method 


The effectiveness of ion exchange separation of interfering chromogens 
from glucosamine was tested by adding glucosamine to several mixtures of 
sugars known to cause interference and to tissue hydrolysates. Colors 
were developed on these resin-treated mixtures and on similar but un- 
treated mixtures. The differences in the optical densities of the untreated 
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TABLE V 
Separation of Hexosamines from Non-Hexosamine Chromogens Present in Tissue 
Hydrolysates by Use of Dowex 50 
Optieal densities (O. D.) were obtained from two-fifths aliquot of the acid efflu- 


ents of the resin-treated samples and from aliquots of untreated tissue hydrolysates 
representing the same amounts of tissue. 





| Optical density | 
| 





























| Glucos- 
Sample No. | Samples Peyenn Sey jaca ference*|, amine A Hexosamine 
| | by resin | by resin | | 
mg. | per cent| per cent | 8 pat ony wet 
I Skin 50.3 | 0.135 | 0.097 | 39 76 
* + glucos- 50.3 
peer oA 0.208 104.0 
II Skeletal muscle 177.8 | 0.181 | 0.128 | 42 |, <28 
: i set \ 0.230 95.3 
+ glucosamine 0.05 : we 
III Liver 88.9 0.346 | 0.110 | 215 48 
“¢ + glucos- 88.9 
amine st oe 8.2 
IV Kidney 41.4 | 0.140 | 0.128 9 121 
ee + glucos-| 41.4 
tities ae 0.232 97.2 
V Cock’s comb (ace-| 2.5 | 0.175 | 0.175 0 2800 (dry 
tone powders) weight) 
VI Submaxillary 22.3 | 0.206 | 0.190 8 334 
gland 
I-VI Glucosamine 0.05 | 0.107 
VII Brain 82.5 | 0.259 | 0.170} 52 78 
VIII Testis 84.0 0.151 | 0.110 37 50 
IX Lung 77.0 | 0.284 | 0.228 25 112 
X Spleen 85.5 | 0.210 | 0.180} 17 80 
XI Thymus 48.0 | 0.113 | 0.103 10 81 
XII Connective tissue 7.0 | 0.130 | 0.108 | 20 580 (dry 
(dry and defat- weight) 
ted) 
XIII Subcutaneous fat | 67.5 | 0.160 | 0.000 0 
XIV Chick thyroid 10.5 | 0.100 | 0.087 | 15 312 
XV | Plasma 0.05t) 0.152 | 0.148 3 112 (mg. 
per 100 
XVI | Comb hyaluronic | 0.2 | 0.154 | 0.154 0 | 29,000 (dry 
acid | weight) 
VII-XVI | Glucosamine | 0.05 | 0.110 | | | 








*Per cent interference = ((O. D., untreated) — (O. D., treated))/(O. D., 
treated) X 100. 

+ Glucosamine recovery = ((O. D., tissue + glucosamine) — (O. D., tissue))/ 
(O. D., glucosamine) X 100. 

t MI. 
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and treated mixtures are expressed as per cent interference and the glu- 
cosamine as per cent recovery (see Tables IV and V). Absorption spectra 
of the colors produced by the resin-treated samples demonstrated complete 
removal of interfering colors (except muscle, see below). In all cases the 
glucosamine was completely recovered. 

The resin separation method has been applied to hydrolysates of several 
rat tissues, chick thyroid, cock’s comb, and a crude cock’s comb hyaluronic 
acid preparation, most of which were shown to contain interfering chro- 
mogens. Examples are given in Table V. The cock’s comb, submaxil- 
lary gland, and connective tissue were hydrolyzed in 4 n hydrochloric 
acid (100°) for 15 hours, brain, testis, lung, spleen, thymus, and plasma 
for 6 hours in 2 N acid, the remainder in 2 N acid for 15 hours. These 
are not necessarily optimal hydrolysis conditions for all these tissues, since 
the rates of liberation of hexosamines from different sources vary slightly. 
Almost all of these tissue hydrolysates contained appreciable quantities 
of interfering substances, particularly liver. With the exception of heart 
and skeletal muscle, non-hexosamine chromogens were completely removed 
by the resin method. Despite the removal of much of the interference 
from muscle, some persisted. Spectra of the separated colored products 
from liver are shown in Fig. 1. Hyaluronic acid, acetone powders of 
the combs, and plasma contained no appreciable amounts of interfering 
substances. The interference produced by the subcutaneous fat (Skelly- 
solve B, Soxhlet extract) hydrolysate was completely removed by resin 
treatment and fat was shown to contain no hexosamine. The connective 
tissue from which the fat had been removed still produced a color interfer- 


ing in the hexosamine method which was subsequently removed by resin 
treatment. 


DISCUSSION 


The hexosamine method of Elson and Morgan (1) is extremely sensitive 
to a number of variables which must be carefully controlled. The greatest 
difficulty in the past has arisen from insufficient consideration of the vari- 
ables introduced by the hydrolysates of unknown samples, such as salt 
concentration and precision of neutralization, which are critical. Correct 
interpretation of the specificity of this method is shown to depend upon 
examination of the absorption spectra of the colors produced. Hexosa- 
mines are the only substances shown to produce a red color with a single 


absorption peak at 530 my. 


Schloss (6) has recently described at least two condensation products in 
the reaction with acetylacetone. When treated with Ehrlich’s reagent, 
each produced a color; one had a single absorption peak at 520 my and the 
other had peaks at 510 and 550 mu. We have observed spectra with two 
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peaks, but the double peaked spectrum appeared only when condensation 
was carried out above 93°. If the reaction were carried out between 
89-92°, only the spectrum with the single peak was obtained. Heating 
at 100°, thus, as recommended by Schloss (6) and others (1, 5, 8, 9, 10), 
reduces the specificity of the colored product and introduces an additional 
variable which is very difficult to control. 

The recently described indole method of Dische and Borenfreund (11) 
for the determination of hexosamines is precise for pure solutions of glu- 
cosamine, but in this procedure other sugars develop colors with identical 
absorption spectra which must be subtracted. The color is thus not as 
specific as that in the Elson and Morgan method. The indole method 
might be improved by purifying the unknown samples on a resin similar 
to the one used here. 

The color produced by the reaction of Elson and Morgan gives no clue 
as to the presence or absence of interfering chromogens, since most non- 
hexosamine chromogens produce a color visually indistinguishable from 
that produced by hexosamines. The most important criterion of the spec- 
ificity of the colored product is its absorption spectrum and this must be 
determined for each type of sample being studied. If interfering chromo- 
gens are present, they can be separated from hexosamines in most instances 
by use of a cationic exchange resin. 


SUMMARY 


The absorption spectrum of the red color produced by hexosamines in 
the method of Elson and Morgan is specific, with a single peak at 530 mu. 
Most chromogens interfering in the method also produce a red color, but 
with absorption spectra different from that of hexosamines. The chro- 
mogens include sugars, sugars plus amino acids, pyrroles, indole, and those 
present in acid hydrolysates of fat and most biological tissues studied. 

A quantitative ion exchange method, with Dowex 50, for the separation 
of hexosamines from these chromogens is presented. 

The method has been satisfactorily applied to the separation of glucos- 
amine from sugars, as well as to the removal of interfering chromogens 
present in acid hydrolysates of chick thyroid and the following rat tissues: 
liver, brain, testis, connective tissue, fat, lung, kidney, spleen, and thymus. 

The method of Elson and Morgan is modified, since the temperature for 
condensation with acetylacetone, salt concentration, and precision of neu- 
tralization were shown to be critical variables. 


The author is deeply indebted to Mr. Joseph B. Foley for his very able 
technical assistance. 
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a-KETOGLUTARIC DEHYDROGENASE* 
IV. COUPLED PHOSPHORYLATION 
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In 1951 Kaufman (3) and Green and Beinert (4) reported esterification 
of inorganic phosphate accompanying oxidation of the a-ketoglutarate in 
non-mitochondrial systems supplemented with DPN! and CoA. Kaufman 
studied the dismutation of KG to succinate,and glutamate catalyzed by 
an extract of pig heart muscle, while Green and Beinert studied the aerobic 
oxidation of KG catalyzed by a particulate preparation supplemented with 
a soluble fraction. Further work in this laboratory disclosed that the par- 
ticulate fraction supplied the KGD and the electron transport mechanism, 
whereas the enzyme responsible for the esterification of inorganic phosphate 
at the substrate level accompanying oxidation of KG (dinitrophenol-in- 
sensitive) was present exclusively in the soluble fraction. Since highly 
purified KGD (5) was available in the laboratory, it became possible to 
study the phosphorylation linked to the oxidation of KG with defined 
enzyme systems. The coupling enzyme will be referred to here as the 
phosphorylation enzyme or P. E. The reaction catalyzed by the enzyme 
may be formulated as shown in Reaction 1. 


Succinyl CoA + P; + ADP @ succinate + CoA + ATP (1) 


The present investigation deals with the purification and properties of 
the P. E. and a description of the phosphorylation reaction. 


* The previous papers of this series have appeared under the title, ‘Studies on 
a-ketoglutaric oxidase.’’ The reasons for changing the name have been discussed 
previously (1). A report of this work was presented at the meeting of the American 
Society of Biological Chemists at New York, April, 1952 (2). 

+ Fellow of the National Heart Institute, United States Public Health Service. 

t Fellow of the National Cancer Institute, United States Public Health Service. 
Present address, Medical Corps, United States Naval Reserve. 

1 The following abbreviations will be used in this paper: diphosphopyridine nu- 
cleotide, DPN; coenzyme A, CoA; a-ketoglutarate, KG; a-ketoglutaric dehydro- 
genase, KGD; adenosine-5-phosphate, AMP; adenosinediphosphate, ADP; adeno- 
sinetriphosphate, ATP; inorganic orthophosphate, Pj. 
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Results 


Assay—The interaction of KG with DPN in the presence of the KGD 
is limited by the CoA available when KG and DPN are in excess (Reac- 
tion 2) (1, 6). 


KG + DPN* + CoA — succinyl CoA + DPNH + CO: + Ht (2) 


With KGD also in excess, the rate of DPN reduction drops sharply within 
the 1st minute, though it does not usually reach 0 because there is slow 
non-enzymatic deacylation of succinyl CoA. The factors affecting this rate 
have been discussed previously (1) (note the first plateau of the curve in 
Fig. 1). When both P. E. and ADP are added to this mixture, Reaction 1 
occurs, and the CoA thus released permits Reaction 2 to resume. The 





400} 














2 4 
MINUTES 
Fic. 1. Assay of phosphorylation enzyme. See the text for conditions. P. FE. 
added at Arrow 1; ADP at Arrow 2. 


over-all reaction which can therefore occur with catalytic amounts of CoA 
is shown in Reaction 3. The rate of DPN reduction after the addition of 
ADP becomes 


KG + DPN+t+ + ADP + P; — succinate + DPNH + ATP + CO. + Ht (3) 


a measure of phosphorylation activity as shown in Fig. 1. 

The exact conditions of the assay were as follows: CoA (0.07 um) and 
neutralized cysteine (10 um) were incubated in a volume of 0.1 to 0.5 ml. 
for 3 to 5 minutes at 30°. Then a mixture of KG (5 um), DPN (1 um), 
MgCl, (10 um), K phosphate buffer at pH 7.5 (100 um), and water at 30° 
were added to the CoA solution to give a final volume of 3.0 ml. The 
optical density at 340 my was recorded, 100 to 150 y of KGD were added 
to the mixture, and readings were taken at half minute intervals. The 
P. E. was added at 2.5 minutes (Arrow 1, Fig. 1) and ADP (2 uM) at 4.5 
minutes (Arrow 2). This order of addition was preferred, since it served 
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to determine whether the preparation was contaminated with succinyl 
CoA deacylase (7). If deacylase were present, the rate of DPN reduction 
would increase even before the addition of ADP. In our experiments 
the “deacylase rate” never amounted to more than 30 per cent of the 
‘phosphorylation rate’? even in the crudest preparations and hence no 
correction was applied in calculating activities. The purified P. E. was 
entirely free of deacylase. The rate of DPN reduction was determined 
at three or more levels of P. E. and the activity calculated from the slope 
of the plot of enzyme concentration versus rate of DPN reduction. This 
line does not generally pass through the origin. 1 unit of enzyme cor- 
responded to a change in density of 1.0 per minute calculated from the 
slope (equivalent to 0.5 um of DPNH). The specific activity was the 
number of units of enzyme per mg. of protein. Our best preparations of 
P. E. had a specific activity of 1.6. 


TaBLeE I 
Purification of Phosphorylation Enzyme 








Fraction | Specific activity* | Recovery of units 
pas ee oe See ae = 
| per cent 
Acetone powder extract............ A | 0.057 100 
Ammonium sulfate ppt............. B 0.129 49 
GO CLINE hose’ che oe aoe C 1.240 10 


* Number of units per mg. of protein. 





Purification of Phosphorylation Enzyme—Minced pig heart muscle (100 
gm.) at 0° was comminuted in 750 ml. of acetone (at — 10°) for 2 minutes, 
and the mixture was filtered on a large Biichner funnel. The residue was 
washed with 500 ml. of cold acetone and then dried rapidly at room tem- 
perature to yield approximately 15 gm. of brownish pink powder. All 
subsequent operations were carried out at 0-5°. The powder was extracted 
with 0.01 m phosphate at pH 7.0 (7.5 ml. of buffer per gm. of powder) for 
10 to 15 minutes and centrifuged. The dark red extract (Fraction A, 
Table I, 120 units of enzyme from 100 gm. of acetone powder) adjusted 
to contain 15 mg. of protein per ml. was fractionated with solid ammonium 
sulfate. The precipitate formed on the addition of 32 gm. per 100 ml. of 
solution was discarded. The second precipitate formed on the further 
addition of 14.5 gm. was dissolved or suspended in 0.01 m phosphate buffer, 
pH 7.0, and dialyzed against the same buffer for 12 to 24 hours (Fraction 
B). The preparation at this stage could be kept frozen for several weeks 
without loss of activity. Fraction B was diluted with buffer and treated 
with tricalcium phosphate gel (13 mg., dry weight, of gel at pH 7.0 per 
100 mg. of protein) so that the final protein concentration was 14 to 16 
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mg. per ml. After 10 minutes the gel was collected by centrifugation. | 


About two-thirds of the activity was left behind in the supernatant solu- 
tion. The gel was washed with 0.1 m phosphate, pH 7.0 (3 ml. per original 
100 mg. of protein), which removed about two-thirds of the adsorbed pro- 
tein, but little or no enzyme. The gel was then eluted again with 0.5 u 
phosphate buffer at pH 7.0 (1 ml. per 100 mg. of protein). The eluate 
(Fraction C) was a clear yellowish solution containing about 2.5 to 3.5 
mg. of protein per ml. and about 10 per cent of the activity of Fraction A, 
with an over-all 20-fold purification (Table I). The preparation could 
be stored frozen at —10° for several weeks. After dialysis against 0.01 m 
phosphate or bicarbonate, however, the activity tended to deteriorate after 
2 or 3 weeks. For some of the experiments, Fraction C was precipitated 
with ammonium sulfate at 70 per cent saturation, pH 7.0, redissolved 
in a@ minimal amount of 0.01 m phosphate buffer, pH 7.0, and dialyzed 
against the same buffer. 

At the stage of Fraction C, the preparation was free of glutamic dehy- 
drogenase, succinyl CoA deacylase (7), the activation enzymes for acetate 
(8, 9) and fatty acids (10), inorganic pyrophosphatase, and phosphatases 
acting on AMP, ADP, and ATP. It was still contaminated with small 
amounts of adenylate kinase. 

Properties—The enzyme was unstable below pH 5.0. In neutral solu- 
tion it survived heating at 50° for 5 minutes, but not at 55°, except in the 
presence of CoA, ADP, or phosphate. Treatment with iodoacetate fol- 
lowed by dialysis did not alter the specific activity of the enzyme. 

The KGD system has an absolute requirement for KG, DPN, and re- 
duced CoA (1), while the phosphorylation system was found to require 
succinyl CoA, inorganic phosphate, ADP, and magnesium ions. Maximal 
rates were obtained at 3.3 X 10-? mM Mg** and 6.7 X 10-4 m ADP concen- 
tration. Mg** above 1 X 10- m was inhibitory under the assay condi- 
tions. Arsenate could not replace ADP in the system, nor could inorganic 
pyrophosphate plus AMP (or plus ADP) replace orthophosphate and ADP. 
In fact pyrophosphate was strongly inhibitory, though this inhibition could 
be reversed by the further addition of Mgtt+. The pH-activity curve 
showed a peak at pH 7.4. CoA concentrations above those in the stand- 
ard assay increased the rate of DPN reduction only slightly. 

Stoichiometry—For convenient study of the stoichiometry, the phos- 
phorylation system (Reaction 3) was linked with the glutamic dehydrogen- 
ase and the hexokinase systems (Reactions 4 and 5). The net reaction 
(No. 6) is supported by the data in Table IT. 


KG + DPNH + H+ + NH; — glutamate + DPN + H:0O (4) 

ATP + glucose — ADP + glucose-6-phosphate (5) 

2KG + NH; + Pi + glucose — succinate + glutamate + glucose-6-phosphate (6) 
+ CO2 + H:0 
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The ratio of P; esterified to CO: liberated approaches the theoretical value 
of 1.0. The disappearance of KG in excess of the theoretical amount has 
been ascribed to a non-oxidative side reaction catalyzed by the KGD (1, 5). 
In this system an absolute requirement for P;, ADP, DPN, CoA, glucose, 
and hexokinase could be demonstrated. 

The phosphorylation was not inhibited by 2,4-dinitrophenol (DNP) at 
concentrations of 2 X 10-m and 1 X 10-*m. This confirmed previous 
observations (11) on the insensitivity to DNP of the substrate level phos- 
phorylation in mitochondrial systems. 

Succinyl CoA As Substrate—Direct evidence that succinyl CoA is indeed 
one of the substrates for P. E. was obtained with radioactive (P*?-labeled) 








TaBLeE II 
Stoichiometry of Phosphorylation Reaction 
‘ Pi | | 24 
Rrogeieent 
| Initial | End | A | 
ae eT = a. oe iz | ‘a ares Lan ay ie oa 4 ee is 
1 Complete 62.3 | 30.6 31.7 | 84.2 | 36.8 | 30.3 34.3 | 0.93 
No KG | 63.8 2.2 | 
2 Complete 53.3 | 36.1 17.0 | 51.6 | 22.1 | 19.6 | 20.4 | 0.84 
No KG | 53.1 | 1.9 | 





The complete system contained 0.2 um of DPN, 10 uM of cysteine, 0.1 um of CoA, 
100 um of NH,Cl, 20 um of MgCl, 2 um of ATP, 50 um of glucose, 15 um of KF, 85 um 
of KG, 1 mg. of KGD, P. E., and hexokinase in 3 ml. of phosphate buffer, pH 7.2. 
Incubation at 37° for 40 minutes in the conventional Warburg apparatus. The re- 
action was stopped and the total CO2 measured after mixing the contents with 
H.SO,. The P. E. used in this experiment had a specific activity of 0.15 and con- 
tained saturation levels of glutamic dehydrogenase. The data are expressed in 
micromoles. 


phosphate in a system consisting of Reactions 1 and 5 (Table III). The 
incorporation of P*-labeled phosphate was 5 to 7 times higher when both 
succiny] CoA and ADP were present than with the various controls. The 
P. E. preparations were contaminated with traces of adenylate kinase 
which would form ATP (and AMP) from ADP. The presence of this 
impurity, together with the fact that the phosphorylation reaction is re- 
versible, probably accounts for the slight activity in the control containing 
succinate and CoA instead of succinyl CoA. 

Succinate Activation—If the reaction catalyzed by the phosphorylation 
enzyme were reversible, ATP, succinate, and CoA should interact to form 
succinyl CoA (Reaction 1). Such has indeed been found to be the case, 
as suggested by Kaufman (3). We have followed the activity by measur- 
ing the succinhydroxamie acid formed when hydroxylamine is included 
in the incubation mixture. The test system and a component study are 
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shown in Table IV. The rate of hydroxamic acid formation was propor- 
tional to enzyme concentration when the amount of enzyme was such 
that the rate was less than 3 um in 15 minutes at 38°. Under these condi- 


Tasie III 
Incorporation of Labeled P; into Glucose-6-phosphate 


Experiment No. Additions Fabdnich 
1 | 1 um ADP 0 
| 1“ <‘* + J um succinate + 1 um CoA 1.3 
| 1 * +1 ** gueecinyl CoA 6.7 
2 1“ +3 * guecinate + 3 um CoA 0.42 
3 ‘** succinyl CoA 0.23 
1 ‘* ADP + 3 um succinyl CoA 2.94 


The incubation mixture contained 10 um of MgCls, 15 um of KF, 10 um of glucose, 
P. E. (8 units, specific activity 0.15, in Experiment 1 and 0.65 units, specific activity 
0.50, in Experiment 2), and hexokinase together with P*?-labeled phosphate (2 um, 
1.2 X 10° c.p.m., in Experiment 1 and 3 wm, 1.2 X 10®¢.p.m., in Experiment 2) at pH 
7.5 and the indicated substrates. Incubation for 15 minutes at 37°. 


TABLE IV 


Activation of Succinate by Phosphorylation Enzyme 


Succinhydroxamic acid 


pM 
Complete system............. es rr ee Aa A SR tira 4.6 
WE) Ua aN ed leaner ae te a oe inn RN ole ue iO ge aera | 0.3 
FREE METIG Aon eit e, ea ee Ree Wee Ey aay Bare | 4.1 
sie... cage pe ACR RSA eam eign 2 | 0.0 
74 25 | LE a De ci i i ar PE 1 SO RI ae 0.0 
CL OTRT 1G Aaa Bne teil a eerie pet ce Reds CONN aah reed Myer epee Un 0.0 


The complete system contained 10 um of MgCle, 20 um of neutralized glutathione, 
0.3 um of CoA, 10 um of ATP, 50 um of succinate, 2 mm of NH.OH, pH 7.6, 1 mg. of 
P. E., and H.20 to 2.0 ml. Incubation at 37° for 30 minutes. 1 ml. of 3 nN HCl and 
1 ml. of FeCl; (5 per cent in 0.1 N HCl) were added for the colorimetric determination 
of hydroxamice acid. 


tions the reaction rate was constant for more than 90 minutes. Magne- 
sium ions could be replaced by manganous ions in equimolar concentration. 
With catalytic amounts of CoA (0.2 to 0.3 um) the optimal concentration 
of hydroxylamine was found to be 0.8 to 1 m. The enzymatic activity at 
different levels of ATP, CoA, and succinate is shown in Fig. 2. The pH 
optimum of the reaction was approximately 7.5, and practically no hy- 
droxamic acid was formed below pH 7.0 or above 8.0. Our best prepara- 
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tions were capable of forming 0.27 um of hydroxamic acid per minute per 
mg. of protein at 38°. 

The rate of hydroxamic acid formation was inhibited approximately 30 
per cent by 5 X 10-* m calcium chloride, while sodium chloride was inert 
at 1.3 X 10M. It is of interest to note that the acetate activation enzyme 
of animal tissues has been reported to be strongly inhibited at the above 
sodium chloride concentration (8). No effect on the rate was observed 
with 5 X 10-* m DNP. 

The following compounds, when incubated with the enzyme under the 
standard conditions, did not give rise to detectable amounts of hydroxamic 
acid: acetate, propionate, butyrate, lactate, pyruvate, acetoacetate, malo- 
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Fig. 2. The activity-concentration curves for succinate activation. The ab- 
scissas are in micromoles per 2 ml. of reaction mixture. The ordinate shows the total 


hydroxamic acid formed in micromoles. Experimental conditions as described in 
Table IV. 


nate, a-hydroxyglutarate, fumarate, malate, a-ketoglutarate, succinic semi- 
aldehyde, and citrate. 

The identity of the succinhydroxamic acid formed in the reaction was 
established by paper chromatography in a formic acid-amyl alcohol sys- 
tem (12). The reaction product and succinhydroxamic acid synthesized 
from succinic monomethyl ester had the same Ry value (0.24). Chromato- 
grams of mixed samples gave a single spot with the above Ry value. 

Succinate activation occurred even in the absence of hydroxylamine when 
high concentrations of reduced CoA were used. The ratio of inorganic 
phosphate liberated to succinyl CoA formed was 1 for the first 15 to 20 
minutes of incubation; beyond that phosphate liberation exceeded hydrox- 
amic acid formation, indicating, possibly, the instability of succinyl CoA in 
the reaction mixture. 

The data on the balance studies of the succinate-ATP-CoA reaction are 
consistent with Reaction 1 (Table V). The formation of hydroxamic acid 
and of ADP and the decrease in ATP were practically equivalent, but the 
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inorganic phosphate liberation was high for unknown reasons. When hexo- 
kinase and glucose were added to the deproteinized reaction mixture to 
convert the residual ATP to ADP, the acid-labile (1 N H.SO, at 100° for 
15 minutes) phosphate amounted to half of the initial value. This was 


TABLE V 


Balance Sheet for Activation of Succinate 
A in micromoles. 





Experiment No. | ATP | ADP | Pj | Hydroxamic acid 
| 
1 | -5.1 | 5.2 | 7.2 | 5.9 
2 | <¥2 7.3 | 9.4 | 7.3 





Experiment 1—The reaction mixture containing 20 um of MgCle, 40 um of glutathi- 
one, about 1 um of CoA, 10 um of ATP, 50 um of succinate, 5 mm of hydroxylamine, 
and 2 mg. of P. E. (specific activity 1.65) in 6.0 ml. was incubated at 37° for 22 
minutes and then deproteinized with perchloric acid. 

Experiment 2—Similar to Experiment 1, except that 6 um of CoA, 15 um of ATP, 
100 um of succinate, 4 mm of hydroxylamine, and 2.4 mg. of P. E. (specific activity 
0.63) were used in 4.0 ml. 

The zero time and succinate-free controls agreed closely in their analyses. The 
P. E. was reprecipitated with ammonium sulfate after elution from the gel. 
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Fig. 3. Inhibition of phosphorylation enzyme by the reaction products. 
mental conditions as in the assay (Fig. 1). 

Fig. 4. Inhibition of succinate activation by the reaction products. 
mental conditions as in Table IV. 


Experi- 


Experi- 


further evidence indicating that all the original ATP could be accounted 
for as ADP by the serial action of the phosphorylation enzyme and hexo- 
kinase. No inorganic pyrophosphate could be detected, although it was 
tested for on various occasions with yeast inorganic pyrophosphatase. 
AMP was never found in the reaction mixture by the procedure of Cohn 
and Carter (13). The incorporation of P® in the presence of succinate, 
CoA, and ADP (Table IIT) has been explained on the basis of possible con- 
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tamination by adenylate kinase. If AMP is formed in the experiments in 
Table V at the same rate as that calculated from the incorporation data, 
the amounts at the end of the incubation period would be negligible. 

Inhibition by Products of Reaction—The activity of the phosphorylation 
enzyme, when measured by DPN reduction (forward reaction), was in- 
hibited by succinate and ATP (Fig. 3). On the other hand, hydroxamic 
acid formation from succinate (reverse reaction) was inhibited by ADP 
and phosphate (Fig. 4). These inhibitors may be interpreted as being 
mass action effects in a freely reversible system. However, the inhibition 
by ATP at higher concentrations may also be partly due to poisoning of the 
enzyme (Fig. 2). 


DISCUSSION 


The coupling of KG oxidation to the phosphorylation of ADP is probably 
the main reaction in mitochondrial systems which permits the continuous 
oxidation of KG in the presence of catalytic amounts of CoA. Other pos- 
sible pathways leading to the liberation of CoA from succinyl CoA have 
been discussed previously (1). The reversibility of the reaction, suggested 
particularly by the inhibition by the products of the reaction, shows that 
the free energy of succinyl CoA hydrolysis must be of the same order of 
magnitude as that of the hydrolysis of the terminal phosphate of ATP under 
the same conditions. The activation of acetate (8, 9) and fatty acids (10) 
evidently involves a different mechanism, since ATP is cleaved to AMP 
and inorganic pyrophosphate. 

Recently the phosphorylation enzyme has been resolved into two com- 
ponents (unpublished data). The purified fractions are entirely inactive 
individually, while together they catalyze the phosphorylation reaction as 
well as the reverse succinate activation. 


Materials and Methods 


The following were the sources of some of the reagents used in the present 
studies: DPN (85 per cent pure) and ATP supplied by the Pabst Labora- 
tories, Milwaukee; AMP and ADP by the Sigma Chemical Company; 
CoA was prepared from yeast (14), succinyl CoA as described by Sanadi 
and Littlefield (1), KGD according to Sanadi, Littlefield, and Bock (5), cal- 
cium phosphate gel by the procedure of Keilin and Hartree (15), and hy- 
droxylamine low in salt content according to Beinert et al. (8). AMP, 
ADP, and ATP were estimated by differential elution from Dowex 1 (13), 
KG by the Friedemann and Haugen procedure (16), succinate manometri- 

21 mg. of the purified enzyme catalyzes the oxidation of 4.6 um of KG per minute 


in 0.033 m phosphate, pH 7.4 at 30°. This corresponds to a turnover number of 
9200 m substrate X m™ enzyme X min." 
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cally with succinoxidase after extraction with ether (5), glutamate mano- 
metrically with the specific decarboxylase of Escherichia coli (17), inorganic 
phosphate by the method of Fiske and Subbarow (18), and protein by the 
biuret reaction (19). The CoA concentrations, expressed in micromoles, 
refer to the CoA “available” for succinyl CoA formation in the KGD sys- 
tem and are measured by the stoichiometric reduction of DPN (1). Sue- 
cinyl CoA was estimated by the Lipmann and Tuttle method (20) as 
described in Table IV. Glucose-6-phosphate was precipitated from the 
deproteinized incubation mixture as the barium salt (21) and purified by 
paper chromatography (22). It was further identified in the glucose- 
6-phosphate dehydrogenase system (23). 


SUMMARY 


The enzyme that catalyzes the phosphorylation of ADP in the presence 
of succinyl CoA has been purified from pig heart. The activity is measured 
by linking with the a-ketoglutaric dehydrogenase system and determining 
the rate of continued DPN reduction at catalytic levels of CoA. Evidence 
that succinyl CoA is one of the substrates has been obtained by studying 
the incorporation of P*-labeled phosphate into glucose-6-phosphate. 

The reaction is reversible, as shown by the formation of succinyl] CoA 
from succinate, CoA, and ATP. Both the forward and backward reactions 
are inhibited by the products of the respective reactions. 


This study was supported by a grant from the American Heart Associa- 
tion and from the National Heart Institute, United States Public Health 
Service. The authors are grateful to Dr. David E. Green for continued 
interest and encouragement during the investigation. Generous supplies 
of pig heart were made available through the courtesy of Oscar Mayer and 
Company. 


BIBLIOGRAPHY 


1. Sanadi, D. R., and Littlefield, J. W., J. Biol. Chem., 201, 103 (1953). 

2. Littlefield, J. W., and Sanadi, D. R., Federation Proc., 11, 250 (1952). 

3. Kaufman, 8., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 
more, 1, 370 (1951). 

. Green, D. E., and Beinert, H., in McElroy, W. D., and Glass, B., Phosphorus 
metabolism, Baltimore, 1, 330 (1951). 

. Sanadi, D. R., Littlefield, J. W., and Bock, R., J. Biol. Chem., 197, 851 (1952). 

. Sanadi, D. R., and Littlefield, J. W., Science, 116, 327 (1952). 

. Gergely, J., Hele, P., and Ramakrishnan, C. V., J. Biol. Chem., 198, 323 (1952). 

. Beinert, H., Green, D. E., Hele, P., Hift, H., Von Korff, R. W., and Ramakrish- 
nan, C. V., J. Biol. Chem., 203, 35 (1953). 

. Lipmann, F., Jones, M. E., Black, S., and Flynn, R. M., J. Am. Chem. Soc., 74, 
2384 (1952). 


ona oH aa 


a) 


15. 


Tie 
18. 
19. 
20. 
21. 


bo bo 
Ww bo 





wWitea 


HIFT, OUELLET, LITTLEFIELD, AND SANADI 575 
0- 10. Mahler, H. R., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 
ie more, 2, 286 (1953). 
. 11. Hunter, F. E., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 
e more, 1, 297 (1951). 
8, 12. Thompson, A. R., Australian J. Scient. Res., Series B, 4, 180 (1951). 
S- 13. Cohn, W. E., and Carter, C. E., J. Am. Chem. Soc., 12, 4273 (1950). 
C- 14. Beinert, H., Von Korff, R. W., Green, D. E., Buyske, D. A., Handschumacher, 
as R. E., Higgins, H., and Strong, F. M., J. Biol. Chem., 200, 385 (1953). 
Ne 15. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 124, 397 (1938). 
8 16. Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 

dy 17. Gale, E. F., Biochem. J., 34, 392 (1940). 
se- 18. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

19. Weichselbaum, T. E., Am. J. Clin. Path., 16, Tech. Suppl., 7, 40 (1946). 

20. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 169, 21 (1945). 

21. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 

tissue metabolism, Minneapolis (1949). 

ce 22. Bandurski, R. S., and Axelrod, B., J. Biol. Chem., 198, 405 (1951). 
ed 23. Warburg, O., and Christian, W., Biochem. Z., 254, 438 (1932). 
ng 
ice 
ng 
A 
ms 
la- 
th 
ed 
ies 
nd 
Iti- 
rus 
sh 
74, 














nc 
sn 
of 
te 
co 
ad 
(2 
ni 
in 


tic 
bu 
se! 
ob 
Wi 
a 
mi 
ac 
sel 
de 





A MICROMETHOD FOR THE DETERMINATION 
OF SERUM CALCIUM 


By FRANK W. FALES 


(From the Department of Biochemistry and the Emory University Hospital, Emory 
University School of Medicine, Emory University, Georgia) 


(Received for publication, March 6, 1953) 


The standard method for the determination of serum calcium based upon 
the precipitation of calcium oxalate and titration with permanganate does 
not lend itself to a micromethod because of the difficulty in handling very 
small precipitates. This difficulty is not encountered in the direct titration 
of calcium with the chelating agent, disodium dihydrogen ethylenediamine- 
tetraacetate (EDTA). Schwarzenbach et al. (1) studied the formation of 
complexes of the alkali earth metals with EDTA, and the reagent was 
adopted for use in water analysis largely owing to the work of Diehl e¢ al. 
(2) and Betz and Noll (3). The latter authors demonstrated that ammo- 
nium purpurate at pH 12 is a specific indicator for calcium and can be used 
in the titration of calcium with EDTA. Recently Elliott (4) presented a 
macromethod for the determination of serum calcium by this direct titra- 
tion method. Unfortunately, the end-point of the titration is not sharp, 
but there is a gradual change from a red to a purple color. Also, when 
serum with a high icteric index is encountered, the end-point is further 
obscured. For these reasons, the end-point cannot be determined visually 
with the necessary degree of accuracy for the microdetermination of serum 
calcium. However, it has been found that the end-point can be deter- 
mined with considerable precision with the aid of a spectrophotometer, and 
accurate determinations of calcium may be obtained with only 0.1 ml. of 
serum. While this work was in progress, Kibrick et al. (5) independently 
developed a micromethod for serum calcium, using these same principles. 
However, it is felt that the method to be presented has definite advantages 
over that of Kibrick et al. Apparently the calcium equivalence of the 
EDTA changes with varying calcium concentrations when the titration is 
carried out by their method. This would seem to indicate that the true 
end-point is not determined by their method. This difficulty is not en- 
countered in the graphical method of determining the end-point to be 
presented, since the calcium equivalence of the EDTA remains constant 
with changing calcium concentrations. Also, in the method of Kibrick et 
al., errors may result due to dilution, fading of the indicator, and drift of 
the spectrophotometer. In the method to be presented, all these factors 
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are controlled by the use of a blank, and only 0.1 ml. of serum is required 
rather than 0.2 ml. 

The spectrophotometric determination of the end-point is also applicable 
to the macrodetermination of serum calcium. A method is presented in 
which the serum calcium may be determined with precision in a few min- 
utes. The macromethod appears to be ideally suited for the clinical labo- 
ratory. The micromethod, on the other hand, should prove of value in 
research in which the volume of serum that can be taken is often a critical 
factor. 


EXPERIMENTAL 


Reagents and Equipment— 

Disodium dihydrogen ethylenediaminetetraacetate, analytical reagent 
grade.! Approximately 0.18 gm. is dissolved in a small amount of water 
and the solution is made up to 1 liter. 1 ml. of the EDTA solution is 
equivalent to approximately 0.02 mg. of calcium. The exact equivalence 
is determined by titrating a standard calcium solution. 

Ammonium purpurate.2 The contents of one capsule are mixed with 30 
ml. of distilled water. The indicator is light-sensitive and should be stored 
in an amber bottle. The indicator solution keeps for several weeks. A 
fresh solution should be prepared when the indicator starts to deteriorate, 
as indicated by an increased light transmission of the blank solution and 
a decreased sensitivity of the spectrophotometric measurements. 

Sodium hydroxide, 9 Nn. 3° 7~/? 

Coleman spectrophotometer, micro cuvettes, and a micro adapter. 

Calibrated, to contain, micro pipettes, 0.1 ml. 

Automatic micro pipette, regulated to deliver 0.1 ml. 


Procedure 


Micromethod. Into a clean test-tube 10 ml. of distilled water, 0.2 ml. 
of 9 n NaOH, and 2 drops of ammonium purpurate indicator are placed. 
The indicator solution should be shaken immediately before use. After 
the solution in the test-tube is mixed and the indicator is completely dis- 
solved, 1 ml. is added to three micro cuvettes. To two of the cuvettes, 
0.1 ml. of serum is added with accurately calibrated 0.1 ml. pipettes, and 
the residual serum is washed out by drawing the solution up into the 
pipette several times. The third tube serves as a blank. With an auto- 
matic pipette regulated to deliver 0.1 ml., 0.2 ml. of standard EDTA is 


1The author is indebted to the Bersworth Chemical Company, Framingham, 
Massachusetts, for furnishing this reagent. 

2 Ammonium purpurate, ‘‘calcium indicator,’’ may be obtained from the Hagan 
Corporation, Pittsburgh, Pennsylvania. 
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added to the blank and 0.1 ml. is added to the duplicate test solutions. 
After mixing, the blank is set at a convenient reading on the spectropho- 
tometer (for example 50 per cent transmission) with a wave-length of 620 
mu, so that close to the maximal readable transmission is obtained for the 
unknowns.’ After the readings are made, 0.1 ml. of EDTA is added to 
each of the three cuvettes, the solutions are mixed, and readings are again 
made after balancing the instrument as before with the blank. Readings 
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Fig. 1. Calcium titration curves. O, 0.5 ml. portions of standard EDTA added; 
@, titration of a duplicate standard calcium solution, with 1.0 ml. additions of 
standard EDTA. 


are continued until the end-point is passed, as can be noted by no further 
decrease in the transmission. The end-point is then determined graphi- 
cally. If the readings are made on the per cent transmission scale, semi- 
logarithmic paper is used. The intercept of the steepest portion of the 
titration curve with the plateau is the end-point (Fig. 1). 

As in all micromethods, extreme care must be taken if error is to be 
avoided. Upon the addition of the serum, the titration should be carried 


’The maximal absorption of the purple form of the indicator occurs at about 
585 mu, but a wave-length of 620 mp was chosen because interference from the red form 
of the indicator is eliminated by using the red region of the spectrum, and the sensi- 
tivity in this region is entirely adequate. 
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through to completion without delay since the calcium may slowly precipi- 
tate in the alkaline solution. The blank adequately compensates for fading 
during the short periods between readings, but this may not be true if too 
long a period elapses between readings. The automatic micro pipette 
must be very accurately calibrated since any error in the delivery of stand- 
ard EDTA is additive. A satisfactory method for the calibration of the 
automatic micro pipette is to use it for the titration of a known standard 
calcium solution by the micromethod given above, calculating the calcium 
qsuivalence for each delivery of the pipette. This factor is then used in 
the subsequent titrations. Calibration by this method obviates the neces- 
sity of attempting to regulate the pipette to deliver exactly 0.1 ml. 
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Fig. 2. Calcium titration curves. ©, 1 ml. of serum; @, 1 ml. of serum plus 2 ml. 
of standard calcium solution; @, 1 ml. of serum plus 3 ml. of standard calcium solu- 
tion; and factor F, mg. of calcium equivalent to 1 ml. of standard EDTA. The 
standard calcium solution contained 0.0141 mg. of calcium per ml. 


Macromethod. Into duplicate Coleman tubes, 9 ml. of water, 1.0 ml. of 
serum, 0.2 ml. of 9 N NaOH, and 2 drops of ammonium purpurate indicator 
are placed. A third tube, which serves as the blank, is prepared by adding 
10 ml. of distilled water, 0.1 ml. of 9 N NaOH, and 2 drops of indicator. 
The titration is carried out spectrophotometrically as with the micro- 
method, but 1 ml. rather than 0.1 ml. portions of standard EDTA is added 
with a calibrated automatic pipette. The end-point is determined graphi- 
cally by taking the intercept of the steepest portion of the titration curve 
with the plateau. The validity of using the steepest portion of the titra- 
tion curve is shown by the upper curve in Fig. 1, which was constructed by 
titrating a calcium solution with 0.5 ml. additions of standard EDTA. 
The titration curve is complex, but the steepest portion is a straight line. 
The straight portion encompasses 2 ml. of added EDTA. Therefore, with 
1 ml. additions of EDTA, the steepest portion of the curve (two or three 
points) will always faithfully give the straight portion of the curve. The 
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lower curve is that obtained with a duplicate calcium solution, but the 
titration was carried out by the macromethod as described. The end- 
points of the curves are in excellent agreement. Other titration curves are 
shown in Fig. 2. No difficulty is encountered in determining the end- 
point graphically if the shape of the titration curve is remembered and the 
steepest portion always chosen. 


TABLE [ 


Serum Calcium Values Compared to Values Obtained by Standard Method 
All the values are expressed in mg. per 100 ml. 























New methods 
Sample No. — ~ Clark-Collip method 
Macro Micro 
1 9.4 9.3 
2 9.6 9.3 
3 10.9 11.1 
4 11.7 11.6 
5 | 10.8 10.4 
6 10.8 10.5 
7 | 11.0 10.7 
8 | 10.5 10.5 
9 8.6 8.6 
10 10.8 11.0 
11 10.9 10.7 
12 | 11.8 11.6 
13 | 10.4 10.6 
14 | 10.9 10.9 10.9 
15 | 8.8 8.8 9.2 
16 | 9.0 8.9 9.1 
17 | 10.3 10.4 10.2 
18 | 10.3 10.3 10.4 
19 | 9.7 9.7 9.9 
20 9.8 9.9 10.1 





Results 


The results obtained by the methods outlined above, compared with 
those obtained by an experienced medical technologist in the clinical labo- 
ratory using the Clark-Collip (6) method, are shown in Table I. Most of 
the values are the average of duplicate determinations, but in a few in- 
stances in which the volume of serum was limited, single determinations are 
recorded. In general, the deviations between the results by the methods 
described and those by the Clark-Collip method were no greater than the 
deviation between duplicate determinations by the Clark-Collip method. 
Several of the sera had a very high icteric index, but no difficulty was 
encountered in their titration. 
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TaBLeE IT 
Reproducibility of Serum Calcium Determinations 
All the values are expressed in mg. per 100 ml. 


No. of | | Se ee 
zoe Standard (Calculated) Standard Fiducial limits, 
Method | —— Mean | deviation | range* | error aa 
| | | 
PUTA Sco, ads sicxcta ove | 8 | 9.74 0.031 | 0.13 | 0.011 9.74 + 0.03 
er ae 9.71 | 0.072 | 0.29 | 0.029 | 9.71 + 0.07 
| | 





* Range in which 95 per cent of the determinations should fall estimated from the 
range-standard deviation distribution curve. 
¢ Calculated from fo.5. 


TasB_e III 
Titration of Calcium in Presence and Absence of Magnesium 
0.1 mg. of calcium was titrated by the macromethod in each ease. 











Sample No. | Magnesium EDTA ag 

7 ia ml. | mg. per ml. 
1 0 4.91 0.0204 
2 0 4.96 0.0202 
3 0.05 4.90 0.0204 
4 0.05 4.93 0.0203 


*Mg. of calcium equivalent to 1 ml. of standard EDTA calculated from the 
volume of EDTA used in the titrations. A value of 0.0203 was previously obtained 
for the factor from the average of six titrations. 














TaBLE IV 
Serum Calcium Values Compared to Standard Method with Various Pathological 
Conditions 
Calcium 
‘ Total fae 
Disease | peateln Phosphorus oa Clark- 
| method | Collip 
method 
| gm. per om ns per cate jmg. per cent mg. per cent 
Hyperparathyroidism, preoperation...... 2.6 | 14.2 | 14.4 
“ appre | 3.0 | 11.6 | 11.4 
ce Uae | 4.4 | 11.3 11.3 
a postoperation..... 
s eee vores 2.1 8.5 8.5 
“ Pee eat a | 46) 2 
a Th) ho Wee! i ect end shacks ened 46° | mt wg 
NM UMIIRRISE Socal e STR aN A Site Aortic oss Wises b0) 10.7 10.7 





* Albumin, 1.3 gm. per 100 ml. 
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The reproducibility of the methods is shown in Table II. For a single 
determination by the macromethod, the result may be considered repro- 
ducible within the range of +0.07 mg. per 100 ml., and for the micro- 
method within the range of +0.15 mg. per 100 ml. This would indicate 
that a single determination by the macromethod should give wholly satis- 
factory results, and the average of duplicate determinations by the micro- 
method should give results of considerable precision. 

The data presented in Fig. 2 show that the recoveries of added calcium 
check very well with the calculated values, even though the values are 
based upon single determinations by the macromethod. 

The data presented in Table IIT indicate that magnesium in a concentra- 
tion equivalent to that encountered in serum does not interfere, since the 
same volume of standard EDTA was required for the titration of a stand- 
ard calcium solution in the presence and in the absence of the magnesium. 

The reliability of the method for clinical determination is brought out 
by the data presented in Table IV. The serum calcium values obtained 
for a patient with hyperparathyroidism are in good agreement with those 
obtained by the standard Clark-Collip method during the period of pre- 
and postparathyroidectomy. Also, data are presented indicating that the 
total serum calcium (ionic- plus protein-bound) is determined by the new 
method, just as with the method of Clark and Collip. Good agreement is 
obtained by the two methods on the serum from a nephrotic patient having 
a very low serum protein level, and from a patient having myeloma with 
a serum protein content approaching the upper limits of normal. 


DISCUSSION 


Recently, several papers have appeared which describe methods for the 
determination of serum calcium by a titration with EDTA with either 
ammonium purpurate or eriochrome black T as the indicator. In these 
methods, the titrations were carried out visually, the end-point being de- 
rived by matching the color with a titrated blank. The proposed spectro- 
photometric determination of the end-point may be a little more time- 
consuming than a visual titration, but the added certainty thereby obtained 
makes its use worth while for the macro as well as the microdetermination 
of serum calcium. In the authors’ experience, the visual estimation of the 
end-point by the methods of Elliott (4) and of Buckley et al. (7) is difficult 
and uncertain. This is especially true when serum having a high bilirubin 
content is encountered, there being very little color change that can be 
observed visually. Furthermore, the estimation of the visual end-point 
becomes less certain as the calcium-indicator ratio is reduced, since it has 
been found that the terminal, non-linear portion of the titration curve (Fig. 
1) is extended with decreasing calcium-indicator ratios. This may account 








584 DETERMINATION OF SERUM CALCIUM 


for the apparent changing of the calcium equivalence of the EDTA with 
decreasing calcium concentrations reported by Buckley ef al. (7). 

This may also account for the apparent changing of the calcium equiv- 
alence in the spectrophotometric method proposed by Kibrick ef al. (5), in 
which the assumption is made that the end-point is reached when no fur- 
ther reduction in the transmission occurs with added EDTA. Although 
this is not mentioned in the article, the changing equivalence can. readily 
be seen in the data presented. In their data when the titration volumes of 
EDTA were plotted against the calcium concentrations of standard solu- 
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Fia. 3. Volume of standard EDTA required to titrate standard calcium solutions 
by the micromethod. The calcium values are in terms of mg. per 100 ml. of serum. 


tions, the resulting straight line did not pass through the origin, but inter- 
sected the EDTA axis at a point equivalent to over 1 mg. of calcium per 
100 ml. of serum. Therefore, one must assume a constantly decreasing 
calcium equivalence of the EDTA with increasing calcium concentrations 
if the straight line relationship is valid. The calcium equivalence remains 
constant when the spectrophotometric end-point is determined graphically, 
as outlined. When the volume of EDTA is plotted against the calcium 
concentration, a straight line passing through the origin is obtained, as 
shown in Fig. 3. 

Sobel and Hanok (8) have presented an ultramicromethod with only 20 
to 30 ul. of serum for the determination of calcium plus magnesium by 
titrating with standard EDTA, eriochrome black T being used as the indi- 
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cator. However, in order to determine the calcium content, magnesium 
must be determined and subtracted from the total. Since 0.1 ml. of serum 
and 0.5 hour are required for the magnesium determination, their method 
requires a little more serum and a great deal more time than the micro- 
method proposed by the author, the proposed method having the advan- 
tage of being a direct determination. 


SUMMARY 


A micromethod for the determination of serum calcium is presented. 
The calcium content of 0.1 ml. of serum is determined by direct titration 
with standard disodium dihydrogen ethylenediaminetetraacetate with am- 
monium purpurate as the indicator. The end-point is determined graph- 
ically from spectrophotometric readings taken during the titration. The 
titration may be carried out in a few minutes with considerable precision. 
The method is also applicable for the macrodetermination of serum calcium. 


The author wishes to express his appreciation to Dr. Alfred E. Wilhelmi 
for his valuable suggestions and advice. Many thanks are also offered to 
Miss Jo Ann Cousins for carrying out the Clark-Collip calcium determina- 
tions, and to Dr. Abner Golden for furnishing the serum from a patient 
with myeloma. 
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A RAPID METHOD FOR THE DETERMINATION OF 
DIHYDROXYPHENYLALANINE DECARBOXYLASE 
IN ANIMAL TISSUES* 


By L. 8. DIETRICH 


(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, April 14, 1953) 


In the course of investigations involving the metabolism of vitamin 
Bs it became necessary to obtain a convenient method for determining 
the activity of 3,4-dihydroxyphenylalanine (dopa) decarboxylase in ani- 
mal tissues. Existing methods require manometric equipment (1-3) or the 
biological assay of the 3 ,4-dihydroxyphenylethylamine (hydroxytyramine) 
formed by enzymatic action (4). Such procedures are not suited to large 
scale use or routine application, and in various other ways leave much to 
be desired. The results of previous dopa decarboxylase analyses have been 
reviewed by Blaschko (5). 

The following method for dopa decarboxylase fulfils the usual criteria of 
adequacy; namely, straight line response to increasing concentration of en- 
zyme, good recovery of hydroxytyramine incubated with tissue homog- 
enates, and excellent reproducibility. 


EXPERIMENTAL 


The method involves incubation of tissue homogenates for a definite 
period of time in the presence of octyl alcohol and excess substrate and the 
separation of the reaction product, hydroxytyramine, from the substrate, 
dopa, by cation exchange absorption. The phenolic amine is then eluted 
with KCl and determined colorimetrically by a modification of the method 
of Folin and Ciocalteu (6). 

Reagents— 

0.03 M potassium-sodium phosphate buffer, pH 6.9, saturated with octyl 
alcohol. 

0.01 m pi-dopa in 0.03 mM potassium-sodium phosphate buffer, pH 6.9. 

Hydroxytyramine standard, 10 mg. of hydroxytyramine hydrochloride 
in 100 ml. of 0.03 m potassium-sodium phosphate buffer, pH 6.9. 

Folin’s phenol reagent with lithium sulfate (6). 

20 per cent KCl. 

1 n NaOH. 


* This work was supported by the Ruth Cutting Auchincloss Memorial Fund. 
The author wishes to express his thanks to Miss E. Borries for technical assistance. 
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Procedure—All enzymatic reactions were carried out in lightly stoppered 
16 mm. X 150 mm. Pyrex test-tubes. An amount of octyl alcohol-satu- 
rated buffer necessary to give a final volume of 2.0 ml. was added and the 
tubes were placed in a water bath at 37°. The tissue to be analyzed was 
then added. In the case of liver or kidney, 0.5 ml. of a 10 per 
cent homogenate (1 ml. equivalent to 100 mg. of tissue, fresh weight) was 
used. Less active tissues, such as testis and brain, required 1 ml. of an 
equivalent homogenate. After the mixture had reached the temperature 
of the bath (5 to 10 minutes), 0.3 ml. of freshly prepared 0.01 m pi-dopa 
at 37° was added, followed by 0.05 ml. of octyl alcohol. The tube contents 
were mixed and returned to the water bath for exactly 15 minutes. At the 
termination of the incubation period the tubes were placed in a boiling 
water bath for 3 minutes to stop the reaction, cooled, and centrifuged. A 
1 ml. aliquot of the supernatant fluid was passed through an absorption 
column! containing 0.5 gm. of activated Permutit,? followed by three 4 ml. 
washings of hot distilled water. 5 ml. of a 20 per cent KCl solution were 
then added and the eluate, at a flow rate of 20 to 30 drops per minute, was 
collected in a clean test-tube. Folin’s phenol reagent (0.05 ml.) was added 
to the eluate, followed by 1 ml. of 1 n NaOH. The color was allowed to 
develop for 5 minutes, at which time distilled water was added to a total 
volume of 6 ml. The color intensity was read on a Klett-Summerson pho- 
toelectric colorimeter with a red filter. 

Standard curves were included with each run and were prepared as fol- 
lows: 0.1, 0.2, 0.3, and 0.5 ml. of a hydroxytyramine hydrochloride solution 
(100 y per ml.) were added to test-tubes containing an amount of octyl 
alcohol-saturated buffer necessary to give a final volume of 2 ml. These 
tubes were subjected to the same conditions as those containing dopa and 
homogenate in regard to incubation and boiling. The mixtures were 
cooled, 1 ml. aliquots were added directly to 4 ml. of 20 per cent KCl, and 
the color intensity was determined as described above. Duplicate deter- 
minations were carried out in all cases. 


RESULT AND DISCUSSION 


Since both hydroxytyramine and dopa respond similarly to the Folin 
phenol reagent, these two compounds must be quantitatively separated. 
This can be accomplished by absorption of the hydroxytyramine on a 
Permutit column (Table I). 


1 Hennessy tubes, E. Machlett and Son, New York. 

2 The Permutit (The Permutit Company, New York) was activated by boiling 
gently for 1 hour in 20 per cent KCl containing 5 per cent acetic acid. The fluid was 
then decanted and the procedure repeated with a new lot of KCl and acetic acid. 
The Permutit was then washed with hot distilled water until almost chloride-free 
and dried at 100°. 
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The hydroxytyramine presented a particular problem owing to the pres- 
ence, in most tissues, of the enzyme monoamine oxidase which oxidatively 
deaminates amines to the corresponding aldehydes (7). Octyl alcohol is a 
potent inhibitor of monoamine oxidase 7n vitro, exhibiting as high as 85 per 
cent inhibition in the case of kidney extracts (8), and has no apparent effect 


TABLE [| 
Quantitative Absorption of Hydroxytyramine on Permutit Column* 





Hydroxytyramine hydrochloride added to column Hydroxytyramine hydrochloride in eluate 
4 Y 
10 10 
20 20 
30 | 30 
50 42 
25 + 300 y dopa | 24 





* All values are the average of two experiments run in duplicate. 500 mg. of ac- 
tivated Permutit were used per column. Each column was washed with three 4 ml. 
portions of hot distilled water after the introduction of the sample. The absorbed 
material was eluted with 5 ml. of 20 per cent KCl. 


TaBLeE II 


Effect of Octyl Alcohol on Hydroxytyramine Recovery after Incubation with Mouse 
Liver Homogenates* 


Hydroxytyramine hydrochloride recovered 
Hydroxytyramine hydrochloride added 


With octyl alcohol Without octyl alcoho 
4 | a . 
80 75 48 
60 | 60 38 
40 | 37 29 
20 18 é 
0 0 0 


* Hydroxytyramine was incubated for 15 minutes at 37° with 50 mg. of fresh liver 
tissue. The values are the average of two experiments run in duplicate. 


on dopa decarboxylase activity (5). On the basis of these observations 
various amounts of hydroxytyramine were incubated with liver homoge- 
nates in octyl alcohol-saturated systems and systems containing no octyl 
alcohol. The hydroxytyramine was then recovered; the results of these 
experiments are shown in Table II. In the presence of octyl alcohol 90 to 
100 per cent of the hydroxytyramine added was recovered. In the reac- 
tion mixtures containing no octyl alcohol recoveries ranged from 29 to 73 
per cent. It is of interest that the amount of hydroxytyramine present in 
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or released from liver homogenates is negligible. This also holds true for 
all tissues thus far investigated. 

Time-activity studies are presented in Table III. Under the conditions 
described the reaction rate was fairly linear for the first 20 minutes, falling 


Tasie III 
Effect of Incubation Time on Activity of Mouse Liver Dopa Decarboxylase* 





Time Galvanometer readings 
min. 

10 60 

20 105 

30 138 

40 146 





* 1 ml. of 10 per cent mouse liver homogenate, equivalent to 50 mg. of fresh weight, 
incubated at 37° with 0.3 ml. of 0.01 m pL-dopa. 


TaBLe IV 
Effect of Increasing Enzyme Concentrations on Hydroxytyramine 
Formation* 
Tissue concentration, fresh weight Galvanometer readings 
a = 

10 19 

20 41 

30 66 

50 104 


* 10 per cent mouse liver homogenate incubated with 0.5 ml. of 0.01 m pi-dopa for 
15 minutes at 37°. All determinations were run in duplicate. 


TABLE V 
Dopa Decarboxylase Activity of Various Mouse Tissues* 
Tissue Pg 
REIN oh ein ihe cere eie eens laos eee he ane edi he 1.530 
MEN ENA raise Ne ee esis Neveksd 1.070 
SSE a 0.490 
RIMM ISS. Ro Ler S GMMR TL MEA OO RET. of 0.272 
LP 3 Se ce re ne oe eer a ee a ee 0.166 
Wh Ld) CPS een Sena ce 8 Na 0.074 





* Mature male C57 black mice. The values are the average of ten observations 
run in duplicate and are expressed as microliters of CO. (or hydroxytyramine, free 
base) liberated per mg. of dry weight of tissue per hour based on a 15 minute incu- 
bation time. 
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off rapidly thereafter. These results are in agreement with those of Schales 
and Schales (2). Additional data, presented in Table IV, demonstrated 
that the reaction rate is proportional to the enzyme concentration. 

Since the final test of any method is its routine use, data are presented 
showing the dopa decarboxylase activity of various tissues of mature C57 
mice fed a diet of Rockland pellets and water ad libitum (Table V). The 
results are expressed in terms of the Qr!> unit, which is basically the same 
as the Q7!° unit defined by Ames and Elvehjem (9); namely, microliters of 
CO. (or hydroxytyramine, free base) liberated per mg. of dry weight of 
tissue per hour, based on the incubation time indicated. Kidney was found 
to have the highest activity of all mouse tissues analyzed, followed by liver, 
brain, lung, testis, and skeletal muscle, respectively. 


SUMMARY 


A colorimetric method for the determination of dopa decarboxylase has 
been described. The procedure has been demonstrated to be rapid and 
simple, lending itself to routine and large scale use. Application of the 
method to the analyses of normal tissues of the C57 mouse reveals kidney 
to be the most active tissue, followed by liver, brain, lung, testis, and skele- 
tal muscle, respectively. 


BIBLIOGRAPHY 


. Blaschko, H., J. Physiol., 101, 337 (1942). 

. Schales, O., and Schales, S. 8., Arch. Biochem., 24, 83 (1949). 

. Sloane-Stanley, G. H., Biochem. J., 45, 556 (1949). 

. Page, E. W., Arch. Biochem., 8, 145 (1945). 

. Blaschko, H., Advances in Enzymol., 5, 67 (1945). 

. Folin, O., and Ciocalteu, V., J. Biol. Chem., 78, 627 (1927). 

. Kohn, H. I., Biochem. J., 31, 1693 (1937). 

. Holtz, P., Heise, R., and Luedtke, K., Arch. exp. Path. u. Pharmakol., 191, 87 
(1939). 

. Ames, S. R., and Elvehjem, C. A., J. Biol. Chem., 166, 81 (1946). 


NSIOoK wd 


oo 


oO 








Tl 
an 
pi 
ha 


we 
20 
ut 
Wi 
br 


We 


dil 


We 


of 


ac 
wl 
br 


tic 
m 
ali 
15 


tic 


Pi 
sel 


ore 





INDOLEACETIC ACID OXIDASE AND AN INHIBITOR IN 
PINEAPPLE TISSUE* 


By WILLIS A. GORTNER anp MARTHA KENT 


(From the Pineapple Research Institute of Hawaii, Honolulu, 
Territory of Hawaii) 


(Received for publication, January 26, 1953) 


Tang and Bonner (16) have described an indoleacetic acid (IAA) oxi- 
dase system in pea epicotyls, and also an IAA oxidase inhibitor (17). 
These findings have been confirmed and extended by others (5-8, 18) and 
an IAA oxidase has been found in several plants, including beans (18) and 
pineapple leaf tissue (9). The presence of an inhibitor of IAA oxidation 
has not previously been shown in the pineapple plant. 


Methods 


Vegetative pineapple plants (Ananas comosus (L.) Merr., var. Cayenne) 
were used, the stem tip tissue being taken unless otherwise stated. A 
20 to 50 gm. sample of tissue was mixed in the Waring blendor for 2 min- 
utes with 1.5 times its weight of cold distilled water and the preparation 
was strained and centrifuged to give a faintly milky extract. Exposure to 
bright light was avoided. 

Assay for IAA oxidase was carried out in 50 ml. Erlenmeyer flasks in a 
water bath at 35°. An aliquot of extract, usually 0.05 to 0.1 ml., was 
diluted to 1 ml. with water and 1 ml. of substrate containing 200 y of 
IAA, 0.2 ml. of 1 m phosphate buffer, pH 3.25, and 0.05 ml. of 0.2 m MnCl, 
was added. After 10 minutes the reaction was stopped by adding 3.0 ml. 
of 1:4 perchloric acid. 

The weak light in the laboratory had no significant effect on the enzyme 
activity shown by crude extracts during the short 10 minute reaction period 
when compared with runs carried out in total darkness. Hence, only 
bright light was avoided during enzyme assays. 

IAA was determined colorimetrically on a 1 ml. aliquot by a modifica- 
tion of the method of Gordon and Weber (10). The reagent contained 50 
ml. of 35 per cent perchloric acid and 1 ml. of 0.5 m FeCl;. To the 1 ml. 
aliquot were added 2.0 ml. of color reagent, the mixture was incubated for 
15 minutes at 35°, 7.0 ml. of 1:4 perchloric acid were added, and the solu- 
tion was read versus a reagent blank in the Evelyn photoelectric colori- 


* Published with the approval of the Director as Technical Paper No. 213 of the 
Pineapple Research Institute of Hawaii. A preliminary report of this work was pre- 
sented before the Hawaiian Academy of Science, May 9, 1952. 
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meter with Filter 540. Check samples, consisting of IAA and extract 
added after the perchloric acid, were also run. Linearity was obtained 
over the range 10 to 50 y of IAA. 


Results 


Demonstration of Enzyme and Inhibitor—An unusual concentration-ac- 
tivity curve is obtained when the extract is varied from 0.05 to 1.0 ml., 
with about 200 y of IAA as substrate (Fig. 1). Freshly prepared, un- 
dialyzed extract invariably shows little or no I[AA-destroying properties if 
0.5 ml. or more is used, yet very powerful oxidase activity is observed when 
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Fic. 1. Effect of concentration of crude pineapple indoleacetic acid oxidase ex- 
tracts before and after dialysis and exposure to light. 


0.1 ml. of extract is present. Enzyme extracts even at concentrations of 
0.2 ml. frequently have proved completely inactive on 200 y of IAA sub- 
strate. This anomalous effect of varying concentration of the crude ex- 
tract appears to be due to a natural inhibitor in the extract which can be 
removed by dialysis or by exposure to bright light, as shown by the curves 
in Fig. 1. 

Both the oxidase and the natural inhibitor show far greater activity in 
pineapple tissue than in other plants. Tang and Bonner (17) found that 
only 3 to 15 y of IAA were destroyed in 1 hour by extract equivalent to 1 
gm. of pea epicotyl tissue. Wagenknecht and Burris (18) found bean roots 
some 10 times as active as pea epicotyls. Pineapple stem tissue, however, 
is able to destroy 4.5 mg. of IAA per gm. of tissue in 10 minutes time. 
Similarly, the inhibitor in pea epicotyls apparently is much less efficient or 
less concentrated than that in pineapple tissue. The inhibitor in 0.5 ml. of 
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enzyme preparation from pineapple stem, equivalent to 0.2 gm. of tissue, 
will completely inhibit the powerful oxidase which dialysis or photolysis 
shows to be present in that extract at the 200 y level of IAA (Fig. 1). By 
contrast, in pea seedlings an amount of extract equivalent to 10 times as 
much tissue did not contain sufficient inhibitor to prevent completely the 
action of the much weaker enzyme in that extract in the presence of 300 
y of TAA. 

Properties of Indoleacetic Acid Oxidase of Pineapple—It is clear that the 
IAA-destroying enzymes of pineapple stem tissue, pea seedlings, and bean 
roots are all distinct systems. 
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Fia. 2. Effect of pH on pineapple indoleacetic acid oxidase activity 


Pineapple IAA oxidase differs most strikingly from the enzyme in peas 
or beans in having an unusually low pH optimum at approximately pH 3.5 
(Fig. 2). The enzyme is essentially inactive at pH 6 to 7, the range of 
optimal activity for the [AA-destroying enzymes in peas (16) and beans 
(18). This may explain the very low IAA oxidase activity observed by 
xordon and Nieva (9) in pineapple leaves, since a buffer at pH 6.5 was 
used in their studies. The pH optimum is the same for untreated extract 
containing the inhibitor as for light-treated extract or extract dialyzed 
against distilled water or buffer solution, pH 3.25. It is interesting to note 
that catalase, claimed to be inhibitory to IAA oxidase (5, 7), “‘is destroyed 
at about pH 3” (15). 

The dialyzed or undialyzed pineapple oxidase requires Mn** (Fig. 3), 
optimal activity being obtained with a 0.005 m solution. In this respect it 
resembles the enzyme in beans (18), which requires Mn** (but at a much 
lower concentration), and differs from the enzyme in peas, which is in- 
hibited by even 10-5 m Mn++ (18). 
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All of the IAA-oxidizing enzymes are inhibited by cyanide (Table I) i 
and by sodium diethyldithiocarbamate. The latter will also react with in 
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Fig. 3. Effect of MnCl, on pineapple indoleacetic acid oxidase activity a 
< 
TABLE I 6 
Effect of Several Chemicals on Indoleacetic Acid Oxidation by Pineapple Stem Extracts = 
in Presence of 200 y of Substrate 
TAA destroyed in 10 min. as per cent of “no chemical’’ contro] 
Chemical added Concentration Untreated extract | Photolyzed extract 
| 0.05 ml. | O.tml. | 0.05 ml. 0.1 ml. 
males ber Sy 2 E po do 
Sodium cyanide 107? | | 0 | 0 
10-8 | Y sail 0 pi 
8-Hydroxyquinoline | 10? fi EEO "| | 203 
10-8 | 123 | | 218 
Maleic hydrazide ro. 10-* ‘| J00 | 91 
Chlorogenic acid 1.5 X 10-° | 83 (108)* | 100 (103) a 
3.0 X 10-8 | | 51 (125) | 95 (81) ce 
6.0 X 10-* | | | 28 (108) 33 (72) af 
2,4-Dichlorophenol 10x 10-5 | 108 | | 84 94 
| 2.5 X 10° | 112 | 103 108 
5.0 X 10-8 | 18 111 ‘a 
* The values in parentheses are at a substrate concentration of 400 y instead of hi 
erie hese nae BS th 
+ Apparent stimulation not significant, owing to low amount of substrate oxidized. ~ 
Mnt+; thus part of its inhibitory action for pineapple IAA oxidase could be ba 
owing to Mn++ removal. In view of observations that the enzyme from 
beans is inhibited by several copper-enzyme poisons (18), it is interesting hi 
al: 
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to note that pineapple IAA oxidase is not inhibited by 8-hydroxyquinoline 
in amounts sufficient to reduce markedly the activity of known copper- 
containing enzymes (14). Indeed, pineapple enzyme preparations freed 
of the natural inhibitor by photolysis are appreciably stimulated by 8- 
hydroxyquinoline (Table I). 

The IAA oxidase of pea epicotyls is reported (1) to be stimulated by 
maleic hydrazide. This chemical has no effect on the pineapple enzyme 
(Table I). 
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Fic. 4. Effect of storage at 4° in the dark on activity of the inhibitor and the in- 
doleacetic acid oxidase in pineapple tissue. 

Fic. 5. Effect of substrate level on the activity-concentration curve of a crude 
pineapple indoleacetic acid oxidase extract. 


Dialysis results in a lowering of enzyme activity (Fig. 1), due in part to 
a partial precipitation of the enzyme. Resuspending the enzyme in 1 per 
cent NaCl has helped to bring the activity back to near the original level 
of undialyzed or photolyzed extracts. 

In oxidizing IAA, the enzyme follows a first order reaction. The respira- 
tory quotient obtained by Warburg’s “direct method”’ was 1.0. 

The IAA oxidase is distributed throughout the pineapple plant, the 
highest activity being in the stem tip. In decreasing order of activity are 
the section just below the stem tip, the etiolated leaf bases (one-half to 
one-fifth the activity of the stem tip), and the section just above the leaf 
base tissue. The lowest activity is in the green leaves and roots. 

Properties of Inhibitor of IAA Oxidation in Pineapple—The natural in- 
hibitor of IAA oxidation in pineapple tissue extracts is a heat-stable, di- 
alyzable, photosensitive organic substance. It is unstable even in the 
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dark, probably owing to oxidation. Fig. 4 shows how storage of an extract 
in the dark (refrigerator) for a week has removed the inhibitor effect with- 
out loss of enzyme activity. 

The effect of the inhibitor is not altered by varying the Mn++ concentra- 
tion, but is substrate-dependent. With 200 y of IAA, increasing con- 
centrations of untreated extract above 0.1 ml. give lowered destruction. 
Higher levels of substrate (Fig. 5) reduce the inhibitor effect. Dialyzed or 
photolyzed enzyme extracts to which different amounts of inhibitor (boiled 














TABLE II 
Effect of Boiled Extract on Activity of Indoleacetic Acid Oxidase at Different Substrate 
Levels 
| ° ° 
TAA substrate |Boiled —_-> inhibitor IAA destroy e valid pass! 
Extract A* | Extract Bt 
7 ml. 6 Y 

200 0 158 128 
| 0.1 150 120 
| 0.15 150 68 
0.2 118 28 
0.3 88 | 0 
400 0 200 | 180 
0.1 220 | 200 
0.15 210 155 
0.2 | 210 165 
0.3 | 155 40 
800 0 150 190 
0.1 220 290 
0.15 | 290 250 
0.2 | 270 230 
0.3 230 220 








0.1 ml. of enzyme in all cases. 
* Photolyzed extract exposed to sunlight for 3} hours. 
+ Extract dialyzed for 23 hours. 


extract) have been added similarly show these effects of varying levels of 
IAA (Tables II and III). However, treating the data by the method sug- 
gested by Lineweaver and Burk (11) fails to give clear evidence of a com- 
petitive effect of the inhibitor. Apparently the inhibition is the result of 
excessive amounts of the heat-stable component, and small amounts, rather 
than acting in competition with IAA, actually enhance its enzymic destruc- 
tion when the ratio of substrate to enzyme is high (Tables II and III). 
The ultraviolet absorption spectrum of an untreated extract differs mark- 
edly from that of a photolyzed extract (Fig. 6). Exposure to light effects 
a marked reduction in light absorption of the extract at about 315 mu. 
Dialysis or treatment of the extract with basic lead acetate similarly re- 
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moves a component absorbing strongly at 310 to 315 my. Partial purifi- 
cation of an inhibitor of IAA oxidation has been obtained by precipitation 
with basic lead acetate, decomposition of the precipitate and removal of 
lead with 0.06 Nn H.SO,, and extraction of the resulting acid solution with 
ethyl acetate. This material has an absorption spectrum similar to that 
of the dialyzable components of stem extracts, but exhibits less activity 


TABLE III 


Effect of Boiled Extract on Activity of Different Amounts of Indoleacetic Acid Oxidase 
in Presence of 800 y of IAA Substrate 





IAA destroyed in 10 min. 














Enzyme extract Boiled eS inhibitor = ies Cull 
| Extract A* Extract Bt 
ml. ml. Y y 
0.1 0 240 70 
0.1 220 210 
0.2 290 200 
0.2 0 260 190 
0.1 280 290 
0.2 250 
0.3 280 260 
0.3 | 0 450 
0.1 370 270 
0.2 400 230 
0.3 400 250 
0.5 400 210 
0.5 0 570 350 
0.1 390 330 
0.2 410 | 280 
0.3 340 | 220 
0.5 | 340 190 


| 


* Photolyzed extract exposed to sunlight for 23 hours. 
{ Extract dialyzed for 22 hours. 





than in the original extract. As with boiled extract, low concentrations 
of the preparation stimulate and higher levels inhibit [AA oxidation. 
The several properties of the inhibitory material suggest that a polyphen- 
olic compound may be involved. Scopoletin (6-methoxyumbelliferone) 
has been reported (2) as a competitive inhibitor of the enzymic oxidation of 
IAA, but the ultraviolet absorption spectrum of this substance shows it 
to be quite dissimilar to the inhibitor in pineapple tissue. However, the 
spectrum of chlorogenic acid is quite similar, although the acid absorbs 
at a slightly higher wave-length (325 mu). When chlorogenic acid was 
tested for its effect on pineapple IAA oxidase, it showed marked inhibition 
at levels of 2 to 4 y of chlorogenic acid per 2 ml. of reaction mixture. As 
with the natural inhibitor, the effect of higher concentrations of chlorogenic 
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acid can be offset by increasing the substrate level (Table I). Chlorogeniec 
acid is stable to light (even in the presence of riboflavin) and is distinct 
from the inhibitory factor in pineapple. 

Goldacre (6) reported that 2,4-dichlorophenoxyacetic acid stimulated 
the enzymic oxidation of IAA by pea epicotyl extracts, and was able to 
oppose inhibition of the oxidation by boiled onion juice. Recent work (8) 
has shown that the stimulation was owing to dichlorophenol (DCP) present 
as an impurity in the 2,4-dichlorophenoxyacetic acid; DCP at a concen- 
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Fic. 6. Effect of exposure to light on the ultraviolet absorption spectrum of an 
extract from pjneapple tissue containing the inhibitor of IAA oxidation. 


tration of 10-° m resulted in as much as a 14-fold increase in IAA oxidation 
by pea epicotyl extract and completely inhibited catalase activity. With 
pineapple IAA oxidase, 1.0 X 10-° or 2.5 X 10-5 m DCP had little effect 
on IAA oxidation by extract containing the natural inhibitor (Table I). 
DCP neither stimulated the oxidase nor reversed the naturally occurring 
inhibition. Little or no stimulation by DCP was observed for a photolyzed 
extract. 


DISCUSSION 


Galston et al. (4, 5) consider pea IAA oxidase to consist of a flavoprotein 
which produces H,O, and a peroxidase which utilizes this H,O. in the 
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oxidation of IAA. Goldacre (6) points out that H.O2 production by flavo- 
protein oxidation would require that 2 moles of oxygen be utilized rather 
than the observed 1 mole per mole of IAA oxidized. As evidence for the 
participation of flavoprotein in IAA oxidation, Galston observed that (a) 
the experiments suggested a light stimulation of enzymic IAA oxidation, 
(b) the action spectrum for light stimulation resembled that of a flavin, 
(c) the photoreceptor was heat-labile and non-dialyzable, and (d) workers 
in 1928 had reported the light activation of a flavoprotein enzyme (xanthine 
oxidase). 

The latter work has recently been questioned by Siegel and Weintraub 
(13), who found no evidence of activation of xanthine oxidase by light and, 
hence, the xanthine oxidase analogy cannot be considered as evidence of a 
flavoprotein participation in IAA oxidation. They suggest that destruc- 
tion of an inhibitor by the action of light may have been involved in the 
earlier work on xanthine oxidase. 

Galston (4) noted that light activation did not occur after dialysis, and 
thus concluded that the “light activation of this flavoprotein enzyme occurs 
through reversal of a naturally occurring inhibition.” He believed that 
stimulation of H.O. production was the mode of action of the flavoprotein 
system in the presence of light. However, his data and those reported 
above suggest that the flavoprotein in the presence of light is merely 
effecting the destruction of a naturally occurring inhibitor, rather than a 
reversal of this inhibition. Light-treated preparations have an activity as 
great as dialyzed preparations even when the subsequent IAA oxidation is 
carried out in the dark. Hence, the so called “‘activation’”’ does not require 
the presence of the IAA during exposure to light. 

Galston (3) has shown that riboflavin can sensitize the photooxidation of 
various indole compounds. Work in these laboratories! shows that other 
compounds, such as 1-naphthaleneacetic acid, also undergo oxidative de- 
carboxylation in the presence of riboflavin in the light. Presumably the 
inhibitor involved in the IAA oxidase system is similarly sensitive under 
these conditions. 

The mechanism of action of the naturally occurring inhibitor of pine- 
apple remains obscure. Schott and Clark (12) were able to demonstrate 
by ultraviolet spectrophotometry the inhibition of dopa decarboxylase 
through interaction of coenzyme and excess substrate. This technique 
was unsuccessful for the IAA oxidase system. No altered ultraviolet ab- 
sorption spectrum (from that of the respective components) was observed 
when pineapple IAA oxidase inhibitor (boiled extract) was added to either 
dialyzed enzyme or to IAA substrate, or when IAA was added to a suffi- 
ciently large volume of untreated extract so that no IAA destruction was 
possible (0.3 ml. of extract, 200 y of IAA). 


1 Gray, R. A.. unpublished data, 1952. 
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The biological significance of the system involved in IAA oxidation which 
has been shown to be present in pineapple tissue remains to be determined, 
One might speculate that alteration of the dynamic balance among newly 
formed auxin, the auxin-destroying enzyme, and the inhibitor in meristem 
tissue may be a controlling factor in various growth phenomena in the 
pineapple. 


SUMMARY 


Pineapple leaf and meristem tissue contain a strong oxidizing enzyme 
capable of destroying the natural growth regulator or auxin of the pine- 
apple, indoleacetic acid. It also contains a powerful inhibitor. This is 
shown very strikingly by the observation that 0.5 ml. of untreated extract 
shows essentially no enzyme activity in the presence of 200 y of indoleace- 
tic acid substrate, yet a smaller quantity of the same extract will destroy 
more than three-fourths of the substrate in 10 minutes. 

Pineapple IAA oxidase has a pH optimum at 3.5, in contrast to the 
optimum of pH 6 to 7 for the IAA oxidases of pea epicotyls and bean 
roots. The enzyme requires Mn** for activity. The respiratory quotient 
of the reaction is 1.0. 

The enzyme is found in all parts of the pineapple plant, being highest in 
the stem tip and lowest in the roots and green leaves. 

The enzyme is inhibited by cyanide but not by 8-hydroxyquinoline or 
maleic hydrazide. Chlorogenic acid markedly inhibits IAA oxidation at 
levels of 3 X 10-* mM or more. Little or no stimulatory activity for pine- 
apple IAA oxidase is shown by 2,4-dichlorophenol. 

The inhibitor of the enzymic oxidation of IAA is heat-stable, dialyzable, 
and destroyed by light. Several properties, including the apparent ultra- 
violet absorption spectrum, suggest that the inhibitor is a polyphenol. 
At high substrate concentrations it stimulates enzymic oxidation of IAA, 
whereas at lower IAA levels the substance is strongly inhibitory. 
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THE INACTIVATION OF INVERTASE BY PEROXIDASE* 


By IRWIN W. SIZER 


(From the Department of Biology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts) 


(Received for publication, February 26, 1953) 


Peroxidase is an enzyme of relatively low specificity that functions as a 
catalyst for the oxidation of such widely different compounds as certain 
inorganic salts, phenols, amines, and dyes (1). Among the amino acids, 
tyrosine, cystine, and tryptophan (2, 3) are oxidized by peroxidase. The 
possibility that certain proteins might be oxidized by peroxidase was sug- 
gested by the work of Helmer and Kohlstaedt (4) who inactivated crude 
hypertensin and pepsitensin with peroxidase. This effect is potentiated by 
KI3. Similarly, crude bacterial toxins are inactivated by peroxidase, but 
purified diphtheria toxin is affected only if a cofactor such as uric acid is 
present (5,6). Sizer (3) reported the oxidation of several purified proteins 
by peroxidase, and Wagley et al. (7) demonstrated the inactivation of the 
Rh blood group antibodies. 

Despite failure to inactivate certain enzymes by peroxidase (3), the in- 
vestigation of this problem with invertase seemed justified, since previous 
work had shown that invertase is inactivated by strong oxidizing agents 
and by tyrosinase (8-10). The inactivation by crude and crystalline horse- 
radish peroxidase of crude and purified yeast invertase was therefore stud- 
ied under a variety of conditions. An attempt was made to correlate in- 
vertase inactivation with utilization of hydrogen peroxide by the system 
and with changes produced in the ultraviolet absorption spectrum of the 
invertase. 


Methods and Results 


Invertase—In most of the experiments a highly purified invertase was 
employed, prepared according to Dieu! (11). The stock invertase solution 
had a time value (11) of 0.30 minute and contained 0.20 mg. of nitrogen 
and 0.4 mg. of carbohydrate per ml. For comparative purposes a com- 
mercial invertase (Wallerstein) was employed. 

Peroxidase—Three different peroxidase preparations from horseradish 
were used. The first two were purified according to Elliott (12); when 
assayed with pyrogallol (2), the purpurogallin number for Preparation 1 
was 260, while it was 154 for Preparation 2. In addition, crystalline 


* Supported by a grant from the Ethicon Suture Laboratories, Inc. 
1 Kindly furnished by Dr. Hector Dieu, University of Liége. 
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peroxidase? (purpurogallin number, 1000) prepared according to Theorell 
(2) was used in many experiments. 

Invertase Assay—Invertase activity was measured routinely by the 
method of Sumner and Howell (13-15). In this procedure 5 ml. of 12 per 
cent sucrose were added to the invertase system and the volume was made 
up to 10 ml. with 0.05 m phosphate buffer, pH 6.0; the reaction was run 
at 37°. Successive samples were taken every 3 minutes and the reducing 
sugar was determined with the dinitrosalicylic acid reagent. In all the 











experiments the hydrolysis followed zero order kinetics (Fig. 1). The 
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O S 6 9 
INVERSION TIME (MIN.) 
Fig. 1. Invertase activity is measured by the rate of liberation of invert sugar 
from a standard sucrose solution. The invertase has been previously treated with 
peroxide plus either peroxidase (lower curve) or boiled peroxidase (upper curve). 


invertase activity was calculated from the slopes of the straight lines drawn 
through the points and is accurate to +2.5 per cent. 

Inactivation of Invertase by Peroxidase. Dialysis Technique—In this 
method 0.1 ml. of stock purified invertase was added to 0.3 ml. of crystal- 
line peroxidase (1 mg. per ml.) plus 0.6 ml. of 0.005 m phosphate buffer, 
pH 6.0, in a cellophane dialysis sac. The control was identical, except that 
it contained inactivated peroxidase (inactivated by boiling or removal of 
heme (16)). Both dialysis sacs were then immersed together in a single 
flask of 200 ml. of buffered 3 x 10-* m hydrogen peroxide for 18 hours at 
37°. The peroxide solution was constantly stirred and was replaced with 
fresh solution three times during this period. After incubation the con- 
tents of the sacs were assayed for invertase activity in the usual way. 
Results of a typical experiment are shown in Fig. 1, from which it is ap- 


2 Generously furnished by Dr. Hugo Theorell, Medical Nobel Institute. 
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parent that the invertase treated with active peroxidase has lost 65 per 
cent of its activity as compared with the control treated with inactive 
peroxidase. 

A number of different experiments of this type were performed in which 
the system was modified by use of twice as much invertase or 4 times as 
much peroxide, or by use of crude (Preparation 1) instead of crystalline 
peroxidase. In these experiments the inactivation of invertase by peroxi- 
dase varied from 15 to 65 per cent, depending on the particular conditions 
employed. Apparently a long incubation time is not required, since, when 
| hour was used instead of the usual 18, a 30 per cent inactivation of the 
invertase by peroxidase was obtained. 

Test-Tube Technique—The dialysis method was devised as a means of 
keeping an equal peroxide concentration in the control and experimental 
mixtures despite any disappearance of peroxide in either during the reac- 
tion. It was found, however, that a shorter reaction time and a higher 
peroxide concentration minimized this problem and made dialysis unneces- 
sary. 

In a standard experiment by this method 0.0012 ml. of purified invertase 
plus 0.5 mg. of crude peroxidase Preparation 1 were dissolved in 3 ml. of 
7 X 10-* m hydrogen peroxide in 0.02 m phosphate buffer, pH 6.3. The 
control tube contained peroxidase (or other protein) boiled for 1 hour. In 
order to measure the effect of hydrogen peroxide alone on the invertase a 
third tube was run which contained no peroxidase. This in turn was 
compared with a fourth tube from which both peroxidase and peroxide 
were omitted. The solutions were incubated for 0.75 to 1.5 hours, with 
stirring, at 37°. Before activity determinations were run, the solutions 
were incubated for 15 minutes with 0.2 ml. of crystalline catalase* (Wor- 
thington stock solution) to remove residual peroxide. 

The results of experiments of this type are summarized in Table I, in 
which the activity of invertase in phosphate buffer is 100 per cent. It is 
apparent that the greatest inhibition of invertase is produced by active 
peroxidase plus hydrogen peroxide. Considerable inhibition of invertase 
is produced by the peroxide alone, but this inhibition is largely prevented 
by the presence of boiled peroxidase or other protective protein such as 
gelatin or denatured catalase. This protective action of proteins on in- 
vertase has been well documented in other studies (17). A commercial 
invertase (Wallerstein) was found to be more stable under the conditions 
of the experiment than was the highly purified one. The relative results 
are the same, as indicated by the fact that peroxidase plus peroxide pro- 
duced much more inactivation of crude invertase than did peroxide alone, 
and boiled peroxidase effectively protected the invertase from the peroxide. 


3 Catalase with hydrogen peroxide was found to have no effect on the activity of 
invertase. 
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In one experiment the kinetics of the inactivation of invertase by perox- 
ide plus peroxidase and also by peroxide alone were followed for 3.5 hours, 
In both cases the inactivation was approximately first order for 2.5 hours, 
after which there was little further change. Throughout the course of the 
reaction the invertase was inactivated much more rapidly by the peroxidase 
plus peroxide than by the peroxide alone. 

At 45° the inactivation proceeded more rapidly than at 37°, but the usual 
differences between experimental and controls were obtained. On the 
other hand, in experiments in which only 3.5 X 10-* or 0.7 X 107° m H,0, 


TABLE [| 
Inactivation of Invertase by Peroxidase Plus Hydrogen Peroxide or by Hydrogen 
Peroxide Alone 


In each experiment the activity of the invertase alone is taken to be 100 per 
cent. 





se | Invertase activity 
: Invertase activity ; ea 
Components added to invertase (Dieu invertase) | (Wallerstein 








invertase) 
edeig ae, ee os 
per cent per cent 
BIN cer er ys BG ETON ie falar os axe CEs 100* 100 
“1 CL) yah Bact atin ol ae ai en op san re EC 55* 70 
‘¢ + peroxidase Preparation 1................. 33* 45 
ee a se re AD see 43 
‘¢ + boiled peroxidase Preparation 1........... 88* 92 
Se eme eI Cu MMN ER ANUSEII «57°50 9.519, Wiais tse sae ivi 85 
ES RS ee ee eee 85 





* The data are averages of four different series of experiments in which the com- 
ponents were incubated with invertase for 0.75 to 1.5 hours at 37° before the invert- 
ase activity was measured. 


was used, the peroxidase was much less effective than usual in inactivating 
the invertase. 

Peroxide Consumption by Invertase-Peroxidase System—lIn order to deter- 
mine the utilization of hydrogen peroxide the method of Beers and Sizer 
(18) was employed, in which the ultraviolet absorption of hydrogen perox- 
ide is measured. Since invertase and peroxidase also absorb at the wave- 
length employed (230 mu), these proteins were present in the reference 
cuvette in the same concentration as in the experimental. The complete 
system contained 1 mg. of invertase (Wallerstein), 1 mg. of peroxidase 
Preparation 1 plus 2.2 X 10-> mole of hydrogen peroxide dissolved in 4 
ml. of 0.02 m phosphate buffer, pH 6.3. Controls were run in which either 
invertase or peroxidase or both were omitted from the system. Different 
incubation times at 37° were employed. 

The results of five different experiments are summarized in Table II, 
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from which it is apparent that peroxide is utilized most extensively by the 
complete system. Peroxidase alone causes the breakdown of peroxide, in 
agreement with reports of other workers (2). Even invertase alone slowly 
utilizes peroxide, and this may be related to the inactivation of invertase 
by peroxide alone. While the most rapid utilization of peroxide by the 
complete system agrees with the concept that the peroxide is consumed in 
the oxidation of invertase by peroxidase, the possibility that peroxide re- 
acts with impurities in the invertase has not been excluded. 

Changes in Absorption Spectrum of Invertase Produced by Its Oxidation 
by Peroxidase Plus Peroxide—The usual test-tube technique for the ultra- 
violet absorption studies was employed, except that the purified invertase 
was 100 times as concentrated as usual in order to increase the optical 
density at 270 my to a suitable figure. Of the total absorption 7.6 per cent 


TaBLeE IT 
Utilization of Hydrogen Peroxide in Oxidation of Invertase (Wallerstein) by Peroxidase 


In each experiment the system was incubated at 37° for the time indicated and the 
residual peroxide measured spectroscopically (18). 





| mx 10-5 peroxide — after incubating system 
or 

Components added to H202 | 

| 





Shrs. | 7hrs. | 8.5 hrs. | 25 hrs. | 29 hrs. 
Invertase + peroxidase............... | 1.49 1.40 | 1.35 | 0.99 | 0.76 
LL ETS ie Wee Ketowne «> 1.58 | 1.58 | 1.41 | 1.14 | 1.15 
TI 53 inci ehte aka | 1.98 | 1.81 | 1.72 | 1.91 | 1.68 
WR. so hiics when ccbtewdencee ee $3 | £m | 242 


2.10 | 2.15 





was caused by the peroxidase, while the remainder could be ascribed to the 
invertase. Experiments were run for 1.5 to 4 hours; then the solutions 
were freed of residual peroxide by the addition of 0.1 ml. of crystalline 
catalase and incubated for 15 minutes. Before spectroscopic examination 
the experimental and control solutions were made up to be identical in 
composition; hence the only difference between experimental and control 
solutions was the order in which components were added. The complete 
system was incubated before addition of catalase. In control Solution 1 
invertase and peroxide were incubated and peroxidase was added after the 
catalase. In control Solution 2 peroxidase and peroxide were incubated 
and invertase was added after the catalase. In control Solution 3 the 
peroxide was incubated alone and both invertase and peroxidase were 
added after the catalase. 

Results of a typical experiment are shown in Fig. 2. Since the results 
with all three controls are similar, only the invertase incubated with perox- 
ide before the addition of catalase and peroxidase is shown. For the ex- 
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perimental curve the invertase was incubated with both peroxide and 
peroxidase before addition of catalase. As is illustrated in Fig. 2, the 
peroxidation of invertase by peroxidase always results in an increase in 
absorption, with a corresponding decrease in the difference between absorp- 
tion at the maximum and minimum. Ultraviolet studies of the invertase- 
peroxidase-peroxide system were also made by utilizing the standard dialy- 
sis technique and employing purified invertase and crystalline peroxidase. 
Boiled peroxidase was used in the control. The usual differences between 
absorption spectra of the experimental and control were obtained. 
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Fig. 2. The upper curve represents the experimental system in which invert- 
ase was incubated with peroxide and peroxidase for 1.5 hours. Residual perox- 
ide was removed with catalase. The lower curve represents the control which 
was incubated with only peroxide. After removal of residual peroxide with cat- 
alase the peroxidase was added. 


While these ultraviolet studies suggest an oxidation by peroxidase of 
aromatic amino acids in the invertase molecule (3, 19), final proof will 
await amino acid analyses of invertase. Preliminary studies indicate that 
tyrosine, but not phenylalanine or tryptophan, groups in invertase are 
oxidized by peroxidase. 


DISCUSSION 


The inactivation of invertase by peroxidase is unlike the inactivation of 
diphtheria toxin (6), since no cofactor such as uric acid is required. In 
this respect invertase resembles the Rh globulins, which require no low 
molecular weight component to facilitate their destruction by peroxidase 
(7). Although it appears that the peroxidase reacts directly with the 
invertase, it is possible that the peroxidase oxidizes some non-dialyzable 
impurity in the invertase preparation, and this oxidized impurity might in 
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turn inhibit the invertase. While the invertase activity studies clearly 
show a direct or possibly indirect inactivation of invertase by peroxidase, 
the evidence from the utilization of peroxide and from the change in ultra- 
violet absorption of the invertase is less unequivocal, since either of these 
criteria could reflect a reaction of peroxidase with an impurity in the in- 
vertase preparation. 

To a considerable degree the oxidative inactivation of invertase by perox- 
idase resembles the oxidation of tyrosyl groups of proteins by tyrosinase 
(1). However, in the peroxidase system, although the inactivation is 
greatly accelerated by peroxidase, it none the less proceeds slowly and ir- 
reversibly in the presence of peroxide alone. 


The technical assistance of Miss Josephine B. Raskind is gratefully 
acknowledged. 


SUMMARY 


Yeast invertase is rapidly inactivated by the horseradish peroxidase- 
hydrogen peroxide system. A similar inactivation, but at a much slower 
rate is produced by the peroxide alone. No dialyzable cofactor is required 
for the inactivation. The inactivation of invertase by peroxidase is char- 
acterized by a consumption of peroxide and an increase in the absorption 
of invertase in the ultraviolet region. These data support the hypothesis 
that the inactivation results from an oxidation of certain amino acids in the 
invertase molecule. 
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THE INHIBITION OF URICASE BY XANTHINE 
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The activity of rat liver xanthine oxidase (in vitro) rapidly decreases 
when the animals are placed on a protein-deficient diet (1-8). Bass, Tep- 
perman, Richert, and Westerfeld (3) reported that such a depletion of the 
xanthine oxidase activity did not interfere with the formation and excretion 
of normal amounts of uric acid and allantoin by the intact animal. 
Williams, Feigelson, and Elvehjem (2) reported that rats maintained on a 
diet known to cause complete disappearance of liver xanthine oxidase, as 
measured in vitro, continued to excrete uric acid after receiving injections 
of xanthine. These authors suggested either that “activity of an enzyme 
(xanthine oxidase) measured in vitro is not a true indication of the rate of 
xanthine catabolism in the intact animal” or that “xanthine entered some 
metabolic pathway other than those it is known to enter.” 

The two general methods employed for liver xanthine oxidase activity 
are the manometric measurement of oxygen consumption (9) and the de- 
termination of decolorization time of methylene blue (10, 11). Results by 
the two methods have been compared and good correlation found (12). 
The spectrophotometric determination of the enzymatic oxidation of xan- 
thine to uric acid (13) has not been used with rat liver because of the pres- 
ence of uricase. 

Protein-depleted rats excrete uric acid and allantoin, but there is no 
evidence in vitro of xanthine oxidase activity in their livers; therefore it 
seemed desirable to develop another type of in vitro assay. Accordingly, 
a method was developed for the determination of xanthine oxidase in rat 
liver which is more direct than previous methods in that the amount of 
uric acid produced by oxidation of xanthine serves as a basis of measure- 
ment of enzymatic activity. This procedure was made possible by the 
finding that xanthine itself is an inhibitor of the enzyme uricase. 


Method 


The rats were killed by a blow on the head and exsanguinated, and the 
livers were removed and cooled on ice. The liver was then blotted dry on 
filter paper, and a 1.0 gm. sample was homogenized in cold 0.0666 m phos- 
phate buffer, pH 7.4, and brought to a final volume of 10 ml. with the 
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buffer. 1 ml. of this homogenate was added to a 20 ml. beaker containing 
6 ml. of aqueous 4.02 X 10-* mM monosodium xanthine! solution (7 mg. per 
ml.) and 3 ml. of water. The mixture was incubated for 2 hours in a Dub- 
noff type metabolic shaker (14); the temperature was kept at 37°, an air 
phase was used over the vessels, and the oscillation rate was 96 per minute. 
1 ml. aliquots were withdrawn prior to and at the conclusion of the incuba- 
tion period and Folin-Wu filtrates were prepared with tungstic acid. The 
uric acid was determined colorimetrically (15) on 2 ml. portions of the 
filtrate. The per cent transmission was determined with a Coleman junior 
spectrophotometer at a wave-length of 540 my. The xanthine oxidase 
activity is expressed on the basis of uric acid produced per gm. of liver 
(wet weight) per hour. 


Development of Method 


When a homogenate of liver from a normal rat or a mixture of homog- 
enate plus a small amount of added xanthine (26 um per gm. of liver) was 
incubated, there was no increase in uric acid. This, in all probability, was 
attributable to the rapid destruction of the uric acid by the uricase in the 
homogenate. It was found, however, that the incubation of rat liver ho- 
mogenate with larger amounts of xanthine (1.0 to 4.0 mm per gm. of liver) 
resulted in an easily measurable accumulation of uric acid. That the com- 
pound formed was uric acid was shown by its destruction upon further 
incubation with an added excess of purified uricase. 


Effect of Varying Xanthine Concentrations on Uric Acid Accumulation in 
Normal Rat Liver Homogenates and in Purified Rat Liver 
Xanthine Oxidase Preparations 


1 ml. aliquots of the rat liver homogenate were incubated with increasing 
amounts of 4.02 X 10-* mM monosodium xanthine solution. The data (Fig. 
1) show that the uric acid production per gm. of liver gradually increased 
to a maximum, leveled off, and finally decreased as the concentration of 
xanthine in the incubation mixture increased. 

With a uricase-free preparation of xanthine oxidase from rat liver (16), 
slightly different results were obtained (Fig. 1). The gradual rise to a 
maximum of uric acid production was not observed. Rather with the 
increasing amounts of xanthine in the mixtures there was a rapid rise to a 
maximal level of uric acid production. It therefore appeared probable 
that this difference might be the result of the inhibition by xanthine of the 
uricase activity in the liver homogenate. To investigate this possibility, 
the simultaneous effect of the added xanthine on both the xanthine oxidase 

1 Monosodium xanthine was purchased from the Schwarz Laboratories, Inc. The 


lot was analyzed by M. R. Heinreich, Department of Biology, Amherst College, 
Amherst, Massachusetts, and found to be free of purine or pyrimidine impurities. 
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and the uricase activities of the homogenate was determined. The mix- 
tures of homogenate and xanthine were divided into equal portions. One 
set of the mixtures was incubated as such and the uric acid appearance 
determined. To each beaker in the second set was added an equal amount 
of uric acid; the reaction mixtures were incubated, and the extent of the 
disappearance of added urate determined. The results are plotted in Fig. 2. 

It is seen that the added uric acid was rapidly destroyed by the homog- 
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Fig. 1. Effect of varying amounts of xanthine on the uric acid production of a 
normal rat liver homogenate and on a purified preparation of xanthine oxidase from 
normal rat liver. 1 ml. aliquots of normal rat liver homogenate, containing 100 mg. 
of liver in 0.066 m phosphate buffer, pH 7.4, and 2 ml. aliquots of purified xanthine 
oxidase (devoid of any uricase activity) were added to 20 ml. beakers containing 
varying amounts of 4.02 X 10-2 m sodium xanthine solution. Water was added to 
make a total volume of 10 ml. Incubation procedure and uric acid determination 
as under ‘‘Method.”’ 


enate in the absence of added xanthine. A separate experiment showed 
that as high as 180 uo of uric acid could be destroyed per gm. of liver per 
hour. The rate of urate destruction decreased as the xanthine concentra- 
tion increased until no added uric acid was catabolized. The appearance 
of uric acid in the mixtures containing no exogenous uric acid reached a 
maximal level at this same concentration of xanthine. It seemed, then, 
from the data in Fig. 2 that the production of uric acid by the liver ho- 
mogenate was the result of the inhibition of uricase by xanthine. 

The possibility, however, still remained that the production of uric acid 
was the result of the inability of the uricase present to oxidize an increased 
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amount of uric acid that had been formed from the large amount of the 
added xanthine. This seemed unlikely, since Axelrod and Elvehjem (9) 
report that in the oxidation of xanthine to allantoin by rat liver homog- 
enate “the uricase activity never becomes a limiting factor.” This is also 
indicated in Fig. 2. An analysis of these incubation mixtures for allantoin 
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Fig. 2. The effect of varying amounts of xanthine on the uric acid appearance and 
disappearance in a normal rat liver homogenate. 1 ml. aliquots of homogenate, 
containing 100 mg. of liver in 0.066 m phosphate buffer, pH 7.4, were mixed with 
varying amounts of 4.02 X 10-2 m sodium xanthine solution and water to make 10 
ml. Each mixture was divided into two equal portions. One portion was incubated 
as such and the uric acid appearance measured. To the other portion was added 1 
ml. of 6 X 10-* om lithium urate and the uric acid disappearance measured. Incuba:- 
tion and uric acid determination as under ‘‘Method.”’ 


eliminated the possibility. The homogenate-uric acid incubation mixtures 
produced allantoin, while the homogenate, uric acid, and xanthine (240 
uM and up) mixtures produced no allantoin. Young and Conway’s method 
for allantoin was used (17). 


Effect of Varying Xanthine Concentrations on Uric Acid Accumulation in 
Liver Homogenates from Protein-Depleted Rats 


It was possible to determine a concentration of xanthine to be used in an 
incubation medium of normal rat liver homogenate which would com- 
pletely inhibit the uricase, but which would not inhibit xanthine oxidase. 
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However, in protein-depleted rats the xanthine oxidase decreases more 
rapidly than does the uricase (2, 9). An experiment was set up to deter- 
mine whether in such protein-depleted animals the xanthine levels neces- 
sary to inhibit the uricase would or would not inhibit the lowered xanthine 
oxidase activity. 

The dietary regimen was that reported by Litwack et al. (8). A group 
of adult, female, Wistar rats was placed on a protein-free diet and urate 
appearance-urate disappearance determined on the livers, as previously de- 
scribed, every 24 hours for 6 days. The addition of 240 um of monosodium 
xanthine was necessary to inhibit effectively the uricase activity of all the 
livers tested. This indicated that the uricase activity remained essentially 
unchanged when the animals were subjected to the protein-free diet. The 
addition of 240 to 400 um of xanthine seemed not to inhibit the lowered 
xanthine oxidase activities, since the rate of uric acid production remained 
constant, as it did with normal livers (Figs. 1 and 2). 

The uric acid production in vitro rapidly decreased upon protein deple- 
tion. At the end of 6 days on the protein-free diet the activity fell to zero. 
The livers from this group of rats were not assayed for xanthine oxidase 
activity by the manometric procedure. Consequently, the experiment 
was repeated on another group of rats and the livers assayed by the oxygen 
uptake method. The activity rapidly decreased, as reported by Litwack 
et al. (8). 


Determination of Some Op‘imal Conditions for Uric Acid 
Production by Rat Liver Homogenates 


When the amounts of liver tissue in the reaction system were varied and 
the xanthine in the mixture was kept constant, the urate formed per gm. 
of liver per hour was not a constant value, but decreased with an increase 
of tissue in the medium. This was probably caused by the increased 
amounts of uricase in the medium. If, however, the amount of xanthine 
was increased in the medium along with the increase of tissue, the urate 
production per gm. of liver remained constant. 

A 2 hour incubation period was found to develop sufficient uric acid for 
colorimetric measurement. In this period a constant increment of urate 
was produced per unit of time. The pH for optimal activity was found 
to be between 8 and 9, as reported previously (18); the pH of the media 
used was approximately 8.4. The maximal urate production was obtained 
when the given quantities of liver homogenate and xanthine were contained 
in a final volume of 10 ml. 


Studies with Purified Enzymes 


Purified hog liver uricase was prepared according to the method of Holm- 
berg (19). Mixtures of 0.5 ml. portions of the purified uricase suspension, 
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1.0 ml. of 6.03 X 10-* M uric acid, 1.0 ml. of 0.2 m borate buffer, pH 9, 
varying amounts of monosodium xanthine, and water to make 4 ml. were 
incubated. The uricase activity was measured both by oxygen uptake and 
by the colorimetric determination of uric acid disappearance. It was pos- 
sible to attain xanthine concentrations that would inhibit the uricase to 
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Fig. 3. Determination of the Michaelis constant of the uricase-uric acid complex. 
0.2 ml. portions of the purified uricase, suspended in water, were incubated with 
varying amounts of 6 X 10-% m lithium urate solution, 2 ml. of 0.2 m borate buffer, 
pH 9, and water to make a total volume of 10 ml. The incubation periods were 5 
minutes at 37° in a Dubnoff type shaker, with an air phase over the vessels. Reac- 
tions stopped with tungstic acid and uric acid determined as under ‘‘Method.”’ 


the extent of 95 per cent. The amount of xanthine required for this in- 
hibition varied with the activity of the uricase preparation. 

The Michaelis constant (K,,) of the uricase-uric acid complex was de- 
termined by plotting (substrate concentration)/(velocity) against sub- 
strate concentration (20). 5 minute incubation periods were used to insure 
initial and constant velocities, expressed as micromoles of uric acid decom- 
posed per 5 minute interval. The K,, was calculated to be 160 um per 
liter (Fig. 3). 

The inhibition of xanthine was shown to be competitive by its reversal 
with increasing amounts of uric acid in the incubation mixture (Fig. 4) 
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(21). From the data in Fig. 4 the dissociation constant for the xanthine- 
uricase complex was calculated to be 120 uM per liter. 
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Fig. 4. Competitive inhibition of uricase by xanthine. 1.0 ml. portions of the 
uricase-water suspension were mixed with increasing amounts of 6.0 X 10-3 m sodium 
xanthine solution, 2.0 ml. of 0.2 m borate buffer, pH 9.0, 6.0 X 10-* m lithium urate 
solution, and water to make a total volume of 10 ml. Incubation for 10 minutes at 
37° with an air phase over the vessels. 





DISCUSSION 


The method of assay presented in this article is valid only if it can be 
shown that the large amount of added xanthine effectively inhibits the 
uricase activity, but does not inhibit the xanthine oxidase activity of the 
liver homogenate. It has been established that concentrations of xanthine 
can be used which prevent the destruction of exogenous uric acid. Under 
these conditions the xanthine oxidase is thought not to be inhibited for 
the following reasons. First, the rate of uric acid production by rat liver 
homogenate is constant at concentrations of sodium xanthine from 200 to 
400 um per 100 mg. of liver. Above 400 um the rate decreased (Fig. 1). 
It would seem that if the xanthine oxidase was inhibited at 240 um, the 
concentration used in the actual determination, then the rate would have 
decreased steadily with increasing xanthine. This did not occur until a 
concentration of 400 um was reached. As the rate is constant in this range 
of substrate concentration, the xanthine oxidase is saturated with its sub- 
strate and the xanthine concentration has little or no effect on the enzyme 
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activity. It is assumed that the reaction rate has become of zero order. 
The urate production is dependent only upon the enzyme concentration, a 
condition particularly favorable for assay of enzymic activity. Secondly, 
the uric acid production of normal rat liver homogenate is equivalent to 
the oxygen uptake in the manometric method of Axelrod and Elvehjem. 
The average oxygen consumption attributable to the oxidation of xanthine 
to uric acid is approximately 200 ul. per gm. of liver (wet weight) per hour 
(8, 22-25). The calculated amount of oxygen required for the formation 
of 7.7 um uric acid from the added xanthine is 180 wl. The activities are 
similar by both methods, even though 90 to 150 times as much xanthine 
is added per unit of liver in the uric acid production method. Accordingly, 
xanthine oxidase of the rat liver is assumed not to be inhibited by the large 
amount of xanthine used. 

The finding that livers from protein-depleted rats produced no uric acid 
in vitro does not explain why such animals could still excrete uric acid and 
allantoin (2, 3). Perhaps this has been explained with data reported by 
Westerfeld and Richert (4). They reported that “as the liver xanthine 
oxidase was depleted by a purified low protein diet, the small intestine 
lost about two-thirds of its activity, and lung lost about one-half. Losses 
from the spleen and kidney were small. The entire rat lost three-fourths 
or more of its xanthine oxidase activity.”” Westerfeld and Richert postu- 
late that the residual activity is sufficient to maintain an excretion of 
allantoin and uric acid (3). 


SUMMARY 


1. It has been demonstrated with both rat liver homogenate and purified 
hog liver uricase that xanthine is a powerful inhibitor of uricase. The ac- 
cumulation of uric acid by rat liver homogenate is attributed to an inhibi- 
tion of the uricase by xanthine. 

2. Some optimal conditions for uric acid production by rat liver homog- 
enate were determined. A method is presented for determination of the 
activity of rat liver xanthine oxidase by incubation with xanthine and 
measurement of the uric acid formed. 

3. Livers from rats placed on a protein-free diet rapidly lost the ability 
to produce uric acid in vitro. At the end of 6 days on the diet, the activity 
fell to zero. This confirms the results obtained by the manometric and 
methylene blue methods of xanthine oxidase assay. 

4, The inhibition of purified hog liver uricase by xanthine is competitive. 
The Michaelis constant for the uricase-uric acid complex was calculated to 
be 160 uM per liter, and the dissociation constant for the uricase-xanthine 
complex was 120 uM per liter. These constants indicate that xanthine has 
an affinity for uricase of the same order of magnitude as has uric acid. 
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THE METABOLISM OF THE ERYTHROCYTE 


Il]. THE TRICARBOXYLIC ACID CYCLE IN THE AVIAN ERYTHROCYTE* 


By DAVID RUBINSTEIN anv ORVILLE F. DENSTEDT 
(From the Department of Biochemistry, McGill University, Montreal, Canada) 


(Received for publication, March 11, 1953) 


The mature avian erythrocyte differs from that of the mammal in that 
it possesses a nucleus and is capable of respiration (1). The oxygen con- 
sumption (Qo,, —0.2) (2), however, is small compared to that of 
other somatic cells. Many years ago Warburg (3, 4) showed that the respir- 
atory mechanism in the avian cell can be inhibited by cyanide and that 
the capacity of the hemolysate to take up oxygen is a property mainly of 
the particulate constituents of the cell. Hunter (5), on the other hand, 
has reported that the nucleoplasm accounts for only a small portion of the 
total oxygen uptake. Laskowski (6) obtained a Qo, of —0.2 with nuclei 
prepared from chicken cells and found that the respiratory activity was 
greatly diminished after hemolysis with lysolecithin. The Qo, of the nuclei 
represents only a fraction of the total respiratory activity, since the dry 
weight of the nuclear material is but a small fraction of the dry residue 
weight of the whole cell. 

It is safe to say that the oxygen consumption of the avian erythrocyte 
involves the mechansim of the tricarboxylic acid cycle, although this has 
never actually been established. Ashwell and Dische (7) showed that the 
oxygen uptake of the hemolysate of pigeon blood may be increased by the 
addition of certain intermediates of the Krebs cycle. Baker and Hunter 
(8) obtained a Qo, of —0.52 and —0.58, respectively, for the succinic and 
malic dehydrogenases. Other workers (9, 10) have observed that the ad- 
dition of a-keto acids and amino acids also tends to increase both the respir- 
atory activity and the production of ATP! in avian erythrocytes. Aero- 
biosis also increases the formation of ATP (11). 

The investigation reported here was undertaken to demonstrate the ex- 
istence of the complete tricarboxylic acid cycle in the avian erythrocyte 
and to ascertain the characteristics of the various enzymes involved. 


* This study represents part of a program of research on blood preservation and is 
preliminary to a study of the metabolism of the human reticulocyte. We are grate- 
ful to the Defence Research Board of Canada for financial support of the complete 
program. 

1 The following abbreviations will be used throughout this paper: DPN, diphos- 
phopyridine nucleotide; DPNH, reduced DPN; TPN, triphosphopyridine nucleotide; 
CoA, coenzyme A; ATP, adenosinetriphosphate; and ~P, high energy phosphate. 
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Methods 
Collection and Treatment of Blood Samples 


Blood was collected from chickens by removing the feathers from the 
neck, cutting the jugular vein, and collecting the sample in isotonic (3.2 
per cent) sodium citrate solution. Usually the blood from four to six birds 
was pooled and stored at 5° for periods up to 6 days. For each experiment 
the cells in an aliquot of the sample were washed five times with at least 
4 volumes of isotonic saline and were finally resuspended in the original 
volume of Krebs-Ringer phosphate buffer (pH 7.4) for the aerobic experi- 
ments or in saline for the anaerobic experiments. When hemolysates were 
used, the washed cell suspension was hemolyzed by freezing at —78° and 
thawing three times. The particulate matter was segregated by centri- 
fuging the hemolyzed specimen in an International refrigerated centrifuge at 
4000 r.p.m. (2500 X g). The clear cytoplasmic supernatant fluid was re- 
moved and made up to the original volume of the sample with isotonic 
saline. The particulate fraction was washed with saline until the color of 
the suspension was a pale brown, and the mixture was then made up to 
the initial volume with saline. The chicken erythrocyte nuclei were also 
prepared according to the procedure of Hogeboom et al. (12). However, 
as the red cells cannot be broken down satisfactorily by the homogenization 
treatment usually employed for the disintegration of other tissues, it was 
necessary to hemolyze the cells by repeatedly freezing and thawing them 
suspended in a mixture of 0.25 m sucrose and 0.00018 m CaCle. 

The stroma-free hemolysate of rabbit erythrocytes was prepared accord- 
ing to the method of Alivisatos and Denstedt (13), but the packed cells 
were diluted with an equal volume of saline before being hemolyzed by 
freezing and thawing. 

The 10 per cent liver homogenate was prepared with 0.25 m sucrose as 
the suspending medium. The suspension was centrifuged at 3500 r.p.m. 
for 10 minutes and the supernatant fluid was used as the enzyme prepara- 
tion. Throughout the investigation there was no evidence of interference 
by bacterial contamination. 


Other Preparations 


Triphosphopyridine Nucleotide—TPN was prepared from hog livers ac- 
cording to the method of LePage and Mueller (14). The crude nucleotide, 
obtained prior to the chromatographic treatment, was separated and used 
as a source of the coenzyme A. Buyske et al. (15) have estimated that 
the coenzyme A:content of such a preparation was about 1 per cent. 

Oxalacetic acid was prepared from sodium diethyl oxalacetate according 
to the procedure of Krampitz and Werkman (16). 
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Barium dl-isocitrate? was prepared by the method of Fittig et al. (17). 
All the substrates were converted to the sodium salts and neutralized to 
pH 7 when used in the manometric experiments. 


Methods of Analysis 


Pyruvate was estimated by the method of Friedemann and Haugen (18), 
citrate by the procedure of Saffran and Denstedt (19), and lactate by the 
method of Barker and Summerson (20). The Barritt modification of the 
Voges-Proskauer test was used as a qualitative test for acetylmethylcarbi- 
nol (21) in solutions deproteinized with 10 per cent trichloroacetic acid. 

Because of the relatively low activity of many of the enzymes of the 
avian red cell and the intense coloration due to the hemoglobin, it is 
practically impossible to use the spectrophotometric technique with hemol- 
ysates. For the estimation of dehydrogenase activity therefore the mano- 
metric method of Quastel and Wheatley (22) was employed, with ferricya- 
nide as an artificial hydrogen carrier. When malic dehydrogenase was 
estimated, it was necessary to add cyanide to the reaction, as otherwise 
the oxalacetic acid formed strongly inhibited the reaction. On the other 
hand, the fixation of the end-product of isocitric dehydrogenase decreased 
the activity in the chicken hemolysate, since the cyanide, in binding the 
oxalosuccinic acid formed, prevents its decarboxylation to a-ketoglutaric 
acid. With smaller concentrations of isocitric acid, the addition of cyanide 
to fix the end-product is necessary to insure the forward reaction. The ac- 
tivity of fumarase and aconitase was estimated by a modification of 
Racker’s (23) spectrophotometric method. The blood sample was incu- 
bated with the substrate and buffer, and periodically a 1 ml. aliquot of the 
mixture was added to 8.5 ml. of water. 0.5 ml. of m NaH2PO, was added 
and the solution deproteinized by boiling for 5 minutes. The filtrate was 
examined in the Beckman spectrophotometer at a wave-length of 240 muy. 
A 1.0 ml. aliquot of the reaction mixture, deproteinized immediately after 
the addition of the substrate, was used as the blank. The Michaelis con- 
stants were calculated according to the method of Lineweaver and 
Burk (24). 


Results 


Most of the apoenzymes of the avian erythrocyte appear to remain stable 
during storage of the blood at 5°. To confirm this for the apodehydro- 
genases preliminary assays were made on several of the enzyme systems be- 
fore and after storage. Typical results are shown in Table I. It is evi- 
dent that the total activity of the various dehydrogenases in the red cells 
was not altered during the short period of storage. Similarly, the activ- 


2 We are indebted to Dr. S. G. A. Alivisatos for a donation of barium dl-isocitrate. 
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ity of fumarase and aconitase remained unchanged. This is consistent 
with our observation on the stability of the apodehydrogenases in pre- 
served mammalian erythrocytes. 

Influence of Intermediates of Krebs Cycle on Respiration of Avian Cells— 
The effect of certain of the intermediates of the tricarboxylic acid cycle 
on the endogenous respiration of intact and of hemolyzed avian erythro- 
cytes was studied (see Table II). It was found that the activity of the 


TABLE I 





Dehydrogenase Activity in Chicken Erythrocytes during Storage 


| : COz per hr.,| p,. 
System Preparation P sstorage of a ad pth 
| days pl. 
Succinic dehydrogenase Particulate fraction 1 437 | 
te 4 5 445 | 2 
Isocitric dehydrogenase Whole hemolysate 1 168 | 
" es 6 179 | 6 
Malic dehydrogenase “e se 1 189 | 
- 4 6 1933 | 2 














Succinic dehydrogenase, each flask contained 1.86 X 10-2 m sodium bicarbonate, 
1 ml. of particulate suspension, 0.08 m sodium succinate, and 0.2 ml. of 11 per cent 
K;Fe(CN), neutralized with bicarbonate. Total volume made up to 2.5 ml. with 
isotonic saline. Gas phase, 5 per cent CO2-95 per cent Ne. Temperature 37.5°. 
Isocitric dehydrogenase, flasks contained 1.86 X 10-2 m sodium bicarbonate, 6.7 X 
10-4 mM MnClz, 1.3 X 10-4 mM TPN, 1.0 ml. of whole hemolysate, 0.053 m sodium dl- 
isocitrate, and 0.2 ml. of ferricyanide prepared as indicated above. Total volume 
made up to 3.0 ml. with isotonic saline. Gas phase, 5 per cent CO2-95 per cent N». 
Temperature 37.5°. Malic dehydrogenase, flasks contained 1.86 X 10-2 m sodium bi- 
carbonate, 3 X 10-4 m DPN, 0.03 nicotinamide, 0.7 ml. of hemolysate, 0.1 m sodium 
l-malate, 0.2 ml. of a solution of 0.65 m sodium cyanide neutralized with HCl, and 
0.2 ml. of ferricyanide prepared as above. Total volume made up to 2.5 ml. with 
isotonic saline. Gas phase, 5 per cent CO2-95 per cent No. Temperature 37.5°. 


intact cells was increased on addition of the various substrates. With the 
hemolysates little endogenous activity was obtained either in the presence 
or absence of multivalent cations (such as are contained in the Krebs- 
Ringer solution). Although the activity was increased on addition of the 
substrates, the values were very low and of doubtful significance, with the 
exception of those obtained with succinate. The finding that only succi- 
nate can be oxidized by the hemolysate suggests that the failure of respira- 
tion in the presence of the other substrates may possibly be due to the 
destruction of the pyridine nucleotides in the hemolysate. However, the 
addition of nicotinamide, DPN, and TPN to the system failed to cause a 
significant change. 
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Dehydrogenases—The presence in avian erythrocytes of the dehydrogen- 
ases of the tricarboxylic acid cycle was confirmed, and the characteristics 
with respect to their activators, affinity for the substrates and the magni- 
tude of their activity, were studied. At the same time the activity of the 
isocitric dehydrogenase was compared with that of the rabbit erythrocyte. 
The results are shown in Table III. It is evident that all three of the de- 
hydrogenases of the cycle are present in the avian red blood cell and that 
the isocitric dehydrogenase is present also in the rabbit erythrocyte. 

As in other tissues, the malic and isocitric dehydrogenases of the avian 
red cell are DPN- and TPN-linked, respectively. The omission of nic- 


























TaBLeE IT 
Effect of Added Krebs Cycle Intermediates on Respiration of Chicken Erythrocytes 

ti | Intact cells | Hemolysates 

Substrate added = sek aes geome gre ene eee P ne ‘ 

er cen 
| —Qoz increase —Qos | incvaas 

INONOS 625-28 245 on boo on ee | 0.17 | 0.05 | 
SiicoiatOr is: fo: ava ees 0.32 90 0.39 640 
UT AT RECS 5 5c dee 8 eae aha 0.21 20 0.08 | 49 
PyEUV eG? ts ,..c othe cee ee: 0.21 20 0.12 130 
NR a A a | 0.22 24 0.07 | 37 
ee ee os | oe | 74 
WMalonshes 08 Mieaetan eee .| 0.07 | —57 | 0.03 —45 


| 


The flasks contained 1 ml. of blood or hemolysate, 0.08 m substrate, made up to a 
volume of 2.5 ml. with Krebs-Ringer phosphate buffer, pH 7.2, in the case of whole 
cells, and to 3.0 ml. with 0.1 m phosphate buffer, pH 7.2, in the case of the hemoly- 
sates; 0.2 ml. of 20 per cent KOH placed in the center well. Gas phase, air. Tem- 
perature 37.5°. 





otinamide from the system decreases considerably the activity of the malic 
dehydrogenase, but has no inhibitory effect on the isocitric dehydrogenase. 
The difference in the effect of nicotinamide on the two enzymes implies 
the presence of a DPNase which appears to have little or no effect on TPN. 

The Kguccinate Of the hemolysate of chicken erythrocytes was found to be 
of about the same order as that of liver homogenates (2.5 X 10-* m) when 
the same method was used with the two types of preparation. The K matate 
is of the same order as that of the rabbit erythrocyte (1.2 X 10-! o). 

The distribution of the dehydrogenases between the particulate and the 
soluble fractions of the avian red cells is indicated in Table IV. 

With various preparations the dehydrogenase activity of the particulate 
fraction varied from 65 to 95 per cent of that of the whole hemolysate. 
The distribution of the enzyme, as indicated in Table IV, however, was 
consistent. A better recovery of the isocitric dehydrogenase was obtained 
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in the soluble fraction of the blood samples which had been stored in the 
cold (5°) for several days, while the activity of the whole hemolysate re- 
mained unchanged. It may be that a factor essential to the activity of 
the enzyme is gradually released from the nucleus during storage in the 
cold. The recombination of the particulate and the soluble fractions gave 
a recovery of 90 per cent of the original activity, both with the preserved 
samples and with fresh blood. 

The ratio of the Qco, (succinic dehydrogenase) to Qo, (succinoxidase) 
with both the nuclear fraction and the whole hemolysate was in close agree- 











TaB_LeE III 
Properties of Dehydrogenases in Hemolysates 
Succinic alic Isocitric Isocitric 
System dehydrogenase, dehydrogenase, dehydrogenase, dehydrogenase, 
chicken chicken chicken rabbit 
Qcoz Qcoz Qcoz Qcoz 
Complete*............ 0.91 1.45 1.58 1.80 
Less cyanide.......... 0.91 0.20 1.75 1.57 
‘¢ added substrate.| 0.41 0.59 0.51 0.78 
e “« inorganic 
ions...............| 0.90 (Al, Ca) 1.48 (Mn**) | 1.81 (Mn**) 
Less coenzyme.......| Not required | 0.21 (DPN) | 0.62 (TPN) | 0.77 (TPN) 
‘* nicotinamide....| ‘‘ si 1.10 1.75 
Maximal velocity..... 4.55t 2.1 2.5 2.7 
Michaelis constant. ..| 6.8 X 107 1:6 < 16° 1.0 X 10° 0.95 x 10° 

















* Complete system similar to that in Table I, except that 0.2 ml. of sodium cy- 
anide, prepared as indicated for the assay of malic dehydrogenase, was used in all 
cases. 

+ Particulate fraction of avian erythrocytes used for these determinations; other- 
wise, hemolysates. 


ment with the theoretically expected ratio of 4:1. Since ferricyanide re- 
acts directly with the reduced succinic dehydrogenase, while succinoxidase 
depends on the natural electron-carrier system, it is evident that the reac- 
tion catalyzed by succinic dehydrogenase is the limiting one in the succin- 
oxidase system. ; 

The particulate fraction obtained by centrifugation, as previously de- 
scribed, appears to consist mainly of cell nuclei along with some stroma 
residue. It is considered that the preerythrocyte normally loses its mito- 
chondria about the time when hemoglobin is formed, during the early stage 
of cell development. In other somatic cells, on the contrary, the succinic 
dehydrogenase and succinoxidase are known to be associated exclusively 
with the mitochondria (12, 25). It is well known that the mitochondria, 
when suspended in saline, become agglutinated; hence, if these bodies were 
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present in the hemolysate, they should be precipitated during centrifuga- 
tion, even at the comparatively low speeds used in our fractionations. A 
fractionation of the hemolysate was therefore carried out either with su- 
crose, according to the procedure of Hogeboom et al. (26), or with water, 
and the final preparation was made isotonic by the addition of sodium 
chloride. Assays for succinic dehydrogenase or succinoxidase activity were 
then made on the two fractions. 

It may be observed from Table V that this treatment does not alter the 
distribution of succinoxidase and succinic dehydrogenase between the par- 
ticulate and the soluble fractions. 

















TaBLeE IV 
Distribution of Dehydrogenases between Fractions of Chicken Erythrocyte 
Sample A Sample A Sample B Sample C 
Succinic Succinox- alic Isocitric 
dehydrogenase idase dehydrogenase dehydrogenase 
Fraction Fresh blood 6 days old 
Per Per Per |———-———_|-——- _ 
cent | _ cent cent Per P 
Qcos ace Qos ace Qcos ac | cent cent 
tivity tivity tivity CO2 ac- Qcoz ac- 


tivity tivity 


0.49 | 100 | 0.13 | 100 | 2.03 | 100 | 1.95 | 100 | 2.17 | 100 


Whole hemolysate.. . 


Particulate (P)..... 4.04 | 73 | 0.96 | 96] 7.95} 63 | 1.35 9/ 1.438} 14 
Cytoplasm (C)...... 0.07 6 | 0.0 0 | 1.24] 29) 1.57 | 37 | 2.69} 69 
Total % recovery*... 79 96 92 46 83 
Combined (C) + (P). 3.09 | 85 | 2.83] 91 



































For the procedure for the dehydrogenases, see Table I. Flask contents for suc- 
cinoxidase, 0.08 m sodium succinate, 0.02 m phosphate buffer, pH 6.9, 1 ml. of enzyme 
preparation, 0.2 ml. of 20 per cent KOH in the center well; saline to make up to a 
volume of 2.5 ml. Gas phase, Oc. Temperature 37.5°. 

* Based on the gas output or uptake of the whole hemolysate. 


The succinic dehydrogenase was always found to be concentrated in the 
particulate fraction, regardless of the method of preparation. The Qo, of 
the particulate fraction obtained with sucrose is usually less than that of 
the fraction prepared with saline. The difference in the activity appar- 
ently is due chiefly to the presence of extraneous materials such as hemo- 
globin, which increase the dry weight of the residue. This inference is 
supported by the relatively darker color of the nuclear fraction prepared 
with isotonic sucrose. 

Fumarase and Aconitase—Fumarase and aconitase were found to be pres- 
ent in the chicken erythrocyte. By means of the modification of Racker’s 
method already described, the activity of the two enzymes was compared 
with that of rabbit red cells. The results are indicated in Fig. 1. 
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In agreement with Johnson (27), who used other methods, we have ob- 
tained no evidence of the presence of aconitase in rabbit red blood cells, 
The distribution of aconitase and fumarase between the particulate and 
soluble fractions of the avian erythrocyte is indicated in Table VI. 

As in the experiments cited previously, the total activity of the two frac- 
tions varied between 50 and 100 per cent of that of the hemolysate, but 
the distribution of the enzymes was always as indicated in Table VI. The 
fumarase activity may be determined manometrically by linking the en- 
zyme with the malic dehydrogenase, which, in avian erythrocytes, is the 
more active system. Thus the conversion of fumaric acid to malic acid 
becomes the limiting reaction in the over-all system. The results ob- 

















TABLE V 
Distribution of Succinic Dehydrogenase and Succinoxidase after Fractionation of 
Hemolysate 
Succinic dehydrogenase* | Succinoxidaset 
Fraction Method of preparation 
Saline Sucrose Saline 1:0 a 
Sample D Sample D Sample E Sample F 
Qco, Qcoz —Qo, —Qo, 
Particulate (P).....¢......... 5.0 2.0 0.52 0.42 
Cytoplaam (C) . 2... ...0.05 045% 0.13 0.25 0.0 0.02 
Combined (P) + (C)......... 0.70 0.69 0.15 0.20 

















* See Table I. 
t See Table IV. 


tained with this procedure confirm the conclusion, previously drawn from 
spectrophotometric data, that fumarase is confined mainly to the particu- 
late fraction. The manometric method cannot be used for the estimation 
of aconitase, since the isocitric dehydrogenase activity, with citrate as the 
substrate, is insignificant. 

The Michaelis constant (Kmatate) of fumarase, with soluble ‘cytoplasmic 
fraction’’ of the red cell as the source of the enzyme, was found to be 7.6 X 
10-* m, while that (Keitrate) for aconitase, with whole hemolysate as the 
enzyme preparation, was 8.1 X 10-*m. These constants were determined 
by the spectrophotometric method. 

a-Ketoglutaric Oxidase—The activity of this enzyme, as indicated in 
Table VII, proved to be very low, although some evidence of its presence 
may be demonstrated in the intact avian red cells. Malonate was used 
to block the oxidation of the succinic acid formed. Arsenite, which is 
known to inhibit oxidative decarboxylation very strongly, prevented the 
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uptake of O2 completely. When the ferricyanide method was used with 
hemolysates, the enzymatic activity was found to be very low, owing 
possibly to the destruction of CoA by the ferricyanide or by an inactivating 
enzyme. This phenomenon is being studied further. 

Pyruvic Oxidase and Condensing Enzyme—Because of its low activity 
the pyruvic oxidase system of the avian red cell was studied by coupling 
it with the condensing enzyme which leads to the formation of citrate. 


is oa 
7 15. 
jt 
o. 





fo) 


400 (fis 


+300 @ 


ee 
a, Pr 


io. 20. 30 40 50 


MINUTES 


Fig. 1. Fumarase and aconitase activity in chicken and rabbit erythrocytes. 
Curve A, rabbit erythrocyte fumarase; Curve B, chicken erythrocyte fumarase; 
Curve C, chicken erythrocyte aconitase; Curve D, rabbit erythrocyte aconitase. 
Flask contents for fumarase assay, 4 ml. of hemolysate, 0.05 m phosphate buffer, pH 
7.2, 0.1 M sodium malate; volume made up to 10.0 ml. with isotonic saline. Incuba- 
tion temperature 38°. Flask contents for aconitase assay, 3.5 ml. of hemolysate, 
0.05 m phosphate buffer, pH 7.2, 0.07 m sodium citrate; volume made up to 7.0 ml. 
with isotonic saline. Incubation temperature 38°. All points on the curves repre- 
sent optical density per 4 mg., dry weight, of residue per ml. of filtrate. 


OPTICAL DENSITY 














Succinate was used as the source of oxalacetate, since the latter interferes 
with the estimation of citrate in the method used. The results afford 
evidence of the conversion of succinate to oxalacetate in the intact cells. 


(1) Suceinie acid + 30. — fumarie acid + H.O 

(2) Fumarie acid + H2O = malic acid 

(3) Malie acid + DPN*+ = oxalacetic acid + DPNH + Ht 

(4) Pyruvie acid + DPN* + CoA = acetyl CoA + DPNH + Ht + CO, 
(5) Acetyl CoA + oxalacetic acid = citric acid + CoA 

(6) 2 pyruvic acid ¥ 2DPNH + 2H* = 2 lactic acid + 2DPN* 


(7) ) Succinic noid + 3 pyruvic acid + 402 — citric acid + 2 lactic acid + CO» 
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Fluoroacetate was added to block the utilization of citrate and thus to 
favor its accumulation. The evidence for the synthesis of citrate under 
various conditions is shown in Table VIII. The capacity of the cells and 




















TaBLe VI 
Distribution of Fumarase and Aconitase between Fractions of Chicken Erythrocytes 
Fumarase Aconitase 
Spectrophotometric Manometric Spectrophotometric 
Fraction ee L = cee 
Optical Optical 
density per! Tyfeceat | Qooy | Gfvstt | density per| Pecen 

oc ag activity | activity os activity 
Hemolysate..............| 0.557 100 | 0.73| 100 0.283 100 
Cytoplasm .... 0. .55..6.5. 0.157 23 0.32 | 26 0.275 51 
Particulate...............] 3.90* 67 2.51 | 60 0.251 5 
% recovery................ 90 | 86 | 66 

| 











Fumarase and aconitase were determined spectrophotometrically as outlined in 
the legend to Fig. 1. Fumarase was determined manometrically according to the 


method outlined for malic dehydrogenase in Table I, except that 0.08 m sodium fum- | 


arate was substituted for 0.08 m sodium /-malate as substrate. A simultaneous run 
was carried out with malate as substrate. 

* Fraction having a dry weight of 25 mg. actually used in all the spectrophoto- 
metric experiments. 


TaBLe VII 
a-Ketoglutaric Oxidase Activity in Chicken Erythrocytes 





Oz taken up per ml. blood 


Contents of flask |_ 


| ‘Experiasat 1 | Bipeiannt 2 
ye | an ae 
CONE APOROMNT oo 6658 i 6405 bas eas veces | 25 | 22 
IN 5.60818 ikea oid vs waaceael sm RA STOE ot | 5 | 6 
Plus arsenite (0.04 M).....................0. | 1 | 0 
| 





* Blank (microliters of O2 uptake in flask without substrate) subtracted from all 
the values. The complete system consisted of 1 ml. of whole blood, 0.02 m sodium 
a-ketoglutarate, 0.04 m sodium fluoride, 0.06 m sodium malonate, 0.01 m MgCl», and 
saline to make up the total volume to 2.5 ml.; 0.2 ml. of 20 per cent KOH added in 
the center well. Gas phase, air. Temperature 37.5°. 


the hemolysates to convert succinate to oxalacetate is indicated by the 
decreased formation of citrate when succinate is omitted.? It will be ob- 


3 Recently, we have been able to eliminate the interference of oxalacetate in the 
estimation of citric acid. With the more specific method we have been able to 
demonstrate that chicken erythrocytes can synthesize 2 uM of citric acid in 4 hours 
when oxalacetate is used in place of succinate as the substrate. If, in addition, pyru- 
vate is replaced by acetate, 1.4 uM of citric acid are formed. 
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served also that cysteine tends to inhibit the synthesis of citrate in the 
hemolysate. 

It may be assumed that the added pyruvate was the source of the active 
acetate required for the synthesis of citrate. It may be inferred, further- 
more, from the data given in Table IX, that pyruvate is utilized in the 
synthesis, although only one-fifth of the pyruvate could be accounted for 
by the amount of citrate formed. It is possible, however, that fluoroace- 


TasLe VIII 
Synthesis of Citrate by Avian Erythrocytes 





| Citrate synthesized per ml. reaction mixture 











System 
| Intact cells* Hemolysatest 
| uM uM 
Complete............ ocak 2 eoess aeRO tae pee Ea 0.21 0.33 
Less fluoroacetate............ feet 0.00 | 0.15 
“fluoride. .... ; real 0.21 
“ guccinate..... . re sant | 0.00 | 0.22 
Sais 5 7 aa BF 9 oy bee haaerel | 0.20 
AG). 11 | Aer te MRO obten Panes os Re ee. | 0.18 
‘* thiamine pyrophosphate . meee 0.25 
Plus cysteme (QOL I)... oicek eee neue aes 0.15 





* Complete system for intact cells, 10 ml. of blood cells, 0.03 m sodium pyruvate, 
0.05 m sodium succinate, 0.05 m sodium fluoride, 0.025 m sodium fluoroacetate, 100 
units of penicillin G per ml., and saline to make up to a volume of 15 ml. Incu- 
bation time, 6 hours. Temperature 38°. 

+ Complete system for hemolysates, 3.3 ml. of hemolysate, 1.5 mg. of sodium ATP, 
0.025 m sodium fluoroacetate, 0.03 m sodium pyruvate, 0.03 m sodium succinate, 0.006 
m MgCle, 25 mg. of crude nucleotide (prepared by acetone precipitation of the su- 
pernatant solution of a boiled rat liver homogenate), 1 mg. of thiamine pyrophos- 
phate, 100 units of penicillin G per ml., and saline to make up to a volume of 5 ml. 
Incubation time, 6 hours. Temperature 38°. For the experiments on hemolysates 
citrate was determined by the method of Ettinger et al. (28), which was published 
after the bulk of this work had been completed. 


tate does not completely inhibit the oxidation of citrate. A dismutation 
of pyruvate to lactate also occurs, since the red cell contains a very active 
lactic dehydrogenase, which can be linked with the DPNH formed by the 
action of both the pyruvic oxidase and malic dehydrogenase (see Equa- 
tions 6 and 7). 

No acetylmethylcarbinol was produced in the course of the reaction sig- 
nified in Table TX. It is possible, however, that a small amount of aceto- 
acetate may be formed under these conditions. 

Other Systems—No evidence was obtained for the existence of a specific 
oxalacetate decarboxylase. Nossal and Kerr (29) have pointed out, and 
it has been confirmed by us, that blood and many of its constituents can 
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catalyze the decarboxylation of oxalacetic acid. We found also that Mn++ 
ions increase the rate of decarboxylation. However, an attempt to dem- 
onstrate the fixation of COs, by using the latter along with pyruvate as 


TaBLE IX 
Pyruvate Utilization and Citrate Synthesis by Chicken Erythrocytes 











Difference per ml. reaction mixture 
een (kl ee a eee 
er Pyruvate Citrate Lactate 
utilized synthesized formed 
uM MM MM a 

(CES OLS GS Sine one eee eer” eee 2.70 0.55 1.52 
NI UNC 5 5. 656 -+ ue aperenare aroresersvsiatere: ccd) eia sie 0.0 0.15 0.18 
EIS rt 2.48 0.0 1.97 
SNE HCOUEUG 265.0% 3 a venece ste acer era aire a iocdeha 2.22 0.0 2.07 














The complete system contained 0.004 m sodium pyruvate, 0.03 m sodium fluoride, 
0.023 m sodium fluoroacetate, 0.008 m sodium succinate, 15 ml. of blood (intact cells), 
100 units of penicillin per ml.; total volume, 17.5 ml. Incubation time, 5 hours. 
Temperature 38°. 


TABLE X 
Metabolic Activity in Preserved Blood 











Human blood Chicken blood 

Metabolite mM utilized or | Calculated the- | mm utilized or | Calculated des 

synthesized |oreticalmm~P| synthesized | oretical mu ~P 

per liter* per liter formed per litert per liter formed 
CL Na |} 8.11 16.2 0.0 0.0 
RPV MOOS Sars ciel beer Se +1.38 0.0 —0.40 6.0 
MRA RURUG Secchi Ne, des eelsisatiees +18.95 0.0 —0.88 15.8 
Diphosphoglycerate........... —1.0 1.0 —0.33 5.5 
IMs ies Kit WSIS SRS ee 17.2 27.3 














Blood stored in isotonic citrate and glucose in the proportion 100:20:10, respec- 
tively. The data in the table represent the difference between the values obtained 
on the fresh sample and after storage for 32 days at 5°. All values are corrected to 
10 gm. per cent of hemoglobin. 

* We are grateful to Dr. Hanna Pappius for making available the results of her 
experiments on preserved human erythrocytes. 

+ The data in this column were obtained by Dr. Hugh McLennan in this labora- 
tory in 1947. 


substrates in the presence of blood, proved unsuccessful. Moreover, avian 
erythrocytes, after having been heated at 100° for 5 minutes, were found 
to decarboxylate oxalacetate as rapidly as do normal specimens. 

We failed also to obtain evidence of the existence of a specific TPN- 
linked “malic”? enzyme which would decarboxylate malic acid directly to 
pyruvic acid. 
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Metabolic Activity of Avian Erythrocytes during Storage 


In contrast to the metabolic behavior of mammalian erythrocytes when 
preserved in citrate-glucose solution at 5°, avian erythrocytes show no 
significant glycolytic activity at this temperature. A comparison of the 
behavior of blood from the two sources during storage under identical con- 
ditions for 32 days is indicated in Table X. 

It is evident that the avian cells do not utilize glucose, but are capable 
of using the small residual amounts of pyruvate and other intermediates of 
glycolysis which are convertible to pyruvate. In human red blood cells, 
on the contrary, the pyruvate and lactate tend to accumulate during 
storage. A calculation of the high energy phosphate, in accordance with 
Hunter’s data (30), reveals that at 5° the theoretical production of utiliz- 
able energy, expressed in terms of high energy phosphate, is greater in the 
avian cell than in the more actively glycolyzing mammalian cell. 


DISCUSSION 


The experiments outlined in the foregoing sections indicate that all the 
enzymes of the Krebs cycle are present in the chicken erythrocyte. It has 
been shown that added succinate can readily be converted to oxalacetate, 
provided the latter is removed by combining it with a product formed from 
pyruvate, presumably acetyl CoA. This provides further evidence that 
the avian red blood cell, like other somatic cells, can oxidize the products 
of glycolysis, although the activity of the latter type of cell is much the 
greater. According to Peters (31) fluoroacetate is a specific inhibitor of 
the tricarboxylic acid cycle. The accumulation of citrate in chicken red 
cells poisoned with fluoroacetate, therefore, indicates the existence of a 
mechanism capable of oxidizing the end-products of glycolysis. 

If it is assumed that the energy requirement of the avian red blood cell 
at 5° is comparable with that of the human red cell under the same condi- 
tions, the avian cell theoretically should be capable of producing the re- 
quired amount of energy without resorting to glycolysis. Negelein (82) 
has observed that aerobic glycolysis does not occur in the goose erythro- 
cyte, while the anaerobic glycolysis is comparable to that of the rabbit red 
blood cell. In the mammalian red blood cell glycolysis is the main, if not 
the only, source of the energy required for maintenance of the normal 
ionic composition of the cells and for keeping them intact. We have ob- 
tained no evidence of the utilization of pyruvate in the mature mammalian 
erythrocyte. 

The succinoxidase activity of the avian erythrocyte appears to be asso- 
ciated mainly with the nucleus. The activity of the fraction, referred to 
in this paper as the particulate fraction, may be attributed largely to the 
presence of nuclear material. This view is supported by the failure of the 
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cytoplasmic (soluble) fraction (prepared so as to include any mitochondria 
present in the cell) to show any succinic dehydrogenase activity character- 
istic of mitochondria. That the activity of the particulate fraction is not 
attributable to the presence of mitochondria is supported further by obser- 
vations that the membranes of the particulate fraction are impermeable 
to cytochrome c.* 

The Q values for the enzymes concentrated in the particulate fraction 
were found to be significantly higher than those of the hemolysates. In 
every instance also, the particulate fraction contained at least 50 per cent 
of the activity of the original hemolysate. It may be inferred, therefore, 
that the various enzymes in the particulate fraction are confined largely to 
the same material in the intact cell. On the other hand, the two enzymes, 
aconitase and isocitric dehydrogenase, which are found in the cytoplasmic 
fraction, have an activity only slightly greater than that of the original 
hemolysate. There is a possibility that these enzymes may be leached 
from the nucleus during the hemolysis of the cell. 

The ability of the avian erythrocyte to respire, in contrast to the mam- 
malian red blood cell, appears to be due to the presence of a nucleus which 
contains many of the enzymes of the Krebs cycle. The nucleus of the 
avian erythrocyte, therefore, differs in its metabolic activity from that of 
the hepatic cell, which has a very small, if any, réle in the actual oxida- 
tive processes in the cell (26). 


SUMMARY 


1. Chicken erythrocytes have been examined for the presence of the 
various enzymes of the Krebs cycle and evidence for the presence of all 
except a specific oxalacetic decarboxylase has been indicated. 

2. The properties of the more active enzymes, succinic, malic, and iso- 
citric dehydrogenases, aconitase, and fumarase, have been studied with 
respect to their activity and activating agents. The Michaelis constants 
have been determined. 

3. The hemolysate of chicken erythrocytes was divided into the particu- 
late (nuclear) and soluble (cytoplasmic) fractions. Evidence is presented 
that the metabolic activity of the particulate fraction of the hemolysate is 
attributable chiefly to the nuclear material. 

4. Succinoxidase, malic dehydrogenase, and fumarase have been found 
to be associated with the particulate fraction, while aconitase and isocitric 
dehydrogenase are present mainly in the cytoplasmic fraction. 

5. Chicken erythrocytes do not utilize glucose during preservation for 
30 days at 5°, but they are capable of utilizing the residual intermediates 
and end-products of glycolysis. 


* Unpublished results, 
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ACTIVATION OF GLYCOLIC ACID OXIDASE IN PLANTS* 


By N. E. TOLBERT{ anp MARJORIE S. COHAN} 


(From the Bureau of Plant Industry, Soils, and Agricultural Engineering, United 
States Department of Agriculture, Beltsville, Maryland) 


(Received for publication, March 6, 1953) 


The enzyme which oxidizes glycolic acid to glyoxylic acid is present in 
sufficient concentrations to support active respiration in a wide variety of 
plants (1). Glycolic acid itself is present in plants in small amounts (2), 
and, as yet, it has been the only 2-carbon organic acid which has been 
found to accumulate C™ during short time photosynthesis experiments 
with C“O. (3). Thus both the free acid and phosphoglycolic acid have 
been associated with the photosynthesis process. 

The enzyme which oxidizes glycolic acid has not been found in roots, 
and, in plants germinated and grown in total darkness, little enzyme ac- 
tivity is found in the leaves (4). These etiolated plants rapidly form the 
enzyme when they are placed in light, and this phenomenon has been 
thought of as “light activation.”” Evidence is presented to show that the 
great increase in glycolic acid oxidase activity which occurs when an eti- 
olated plant is placed in the light is substrate activation and not light 
activation in a physical sense. This is the first known case of adaptive 
enzyme formation in higher plants. 

The enzyme functions both as a dehydrogenase (5) and as an oxidase 
(1). Since all measurements in this paper are aerobic, the enzyme will be 
referred to as glycolic acid oxidase. 


Methods 


Plants were grown in sand with nutrient solution in a totally dark room 
kept at 21° until well etiolated. The leaves were not brought into the 
light until they were ground in a chilled glass mortar. The ground leaves 
were squeezed through cheese-cloth, and the sap was centrifuged for 1 
minute at 20,000 X g to remove cell fragments. Throughout the prepara- 
tion for the measurements in Warburg manometers, the sap was kept at 
0°. Centrifugation for 10 minutes did not change the enzyme activity. 


* This investigation was supported in part by a research grant from the Atomic 
Energy Commission. 

+ Present address, Biology Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 

t Present address, Citrus Experiment Station, University of California, Riverside, 
California. 
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Oxidation of glycolic acid was measured manometrically, and the rate was 
calculated from the oxygen uptake during the 5 to 35 minute period after 
adding the sodium glycolate substrate. Total nitrogen in the sap was 
determined by the semimicro-Kjeldahl method, with copper selenate as 
catalyst. 


TaBLe I 
Survey of Plants for Glycolic Acid Oxidase Activity 
The plants were grown in total darkness and on the 6th day those to be greened 
were exposed to 100 foot candles of light for 24 hours. Both etiolated and green 
plants were harvested on the 7th day. Warburg flask contents, 0.5 ml. of plant 
sap, 1 ml. of 0.1 m K2HPO,, 0.5 ml. of 0.02 m glycolic acid, 1 ml. of water. Tem- 
perature 30°. 





Etiolated | Greened 





Plants | wl. O2 uptake | ul. O2 uptake | 
per hr. per 0.5 | Qoz (N) per hr. per 0.5 | Qoz (N) 
ml. sap ml. sap | 
ae . "2 
Barley | 
Missouri B-400............. 65 | 76 239 | 224 
CUTS SCS) a a oe 87 | 79 200 | 133 
Missouri Early Beardless..... 56 82 206 181 
oD gine lel sees Mae as oe oer | 72 81 250 | 177 
ae i aa | 103 | 132 107 151 
Wheat | | 
PBUO ROR 3, ccs 4 ousicia vin sisane crea 11 4 48 | 23 
US ee Cee | 6 60 | 27 
ne eee rere | 15 | 8 104 | 40 
0 2s el etl ok ees a ba ele EER | i | 64 
Oats | | | 
do, eh ba wna ds 10 | | 51 33 
BM MUEMM ote orkid oo as otesia e483 see | 5 | 24 | 20 
10) 2) Ee oy ee | 0 | 20 | 16 
Pee ao Vere edrie's Sass | 11 5 | 103 66 
ae a eae ee | | ar 134 
ORE ee MET AOE | 23 | 163 | 141 
pain. tind ih oer sul. ees | 7 10 7 
DROME bits. dita dewaiuirend fein 0 14 
SEIS FSG SO CDE ir Ree ee 89 138 


Plant Materials—Different plants varied widely in the amount of enzyme 
activity found in the etiolated leaves (Table I). For example, etiolated 
corn leaves contained no glycolic acid oxidase, but 0.5 ml. of etiolated bean 
leaf sap gave values of the order of 150 ul. of oxygen uptake per hour. 
With etiolated barley leaves even of the same variety, erratic results were 
obtained. Generally, these leaves contained the active enzyme, but in 
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some cases it was not found until after exposure to light. The enzyme 
activity in the varieties of wheat and oats that were checked varied from 
zero to a trace, whereas a sample of rye leaves behaved similarly to those 
of barley. Wheat and oats have been used because large amounts of sap 
could be obtained from the etiolated leaves, and the etiolated plant would 
stand erect for exposures to light of defined wave-length. 

For standardization of the experimental conditions, it was necessary to 
determine whether the age of the etiolated plant affected enzyme activity. 
Etiolated barley, wheat, and oats are large enough for experimental use 5 
days after they have been planted in moist sand at 21°. Elongation con- 
tinues through the 8th day, and the leaves remain crisp and healthy for 
several days Jonger. Results shown in Table II indicate that the glycolic 


TaBLeE II 
Effect of Age of Plants on Glycolic Acid Oxidase 


The conditions for handling the plants are similar to those given in Table I except 
that the harvesting date | from time of planting w was varied. 














Etiolated (Qo, (N)) | Greened (Qo, (N)) 
Age —_ = 
tine nee e wheat | Thatcher wheat | Ajax c pay == 7 wheat Ajax oats 

den | 7 | 

6 8 | 6 33 47 

7 8 | ris: | 5 | 83 34 

8 8 | 6 | 8 29 40 

9 9 oe 40 | ~~ 69 





acid oxidase activity increases only very slightly as the plants become 
older, thus showing that age will not explain the high enzyme activity in 
some etiolated plants. Nevertheless, plants were treated so that they were 
always harvested on the 7th day. 


Results 


Effect of Light Intensity and Length of Exposure—Since light influences 
many phases of plant development, the relationship between glycolic acid 
oxidase activity and the light intensity or length of exposure of etiolated 
leaves to light might help to assign a function to this enzyme. Flats of 
etiolated Pawnee wheat and Ajax oat plants were exposed to light intensi- 
ties of from 0.02 to 1000 foot candles for 24 hours, and the glycolic acid 
oxidase activity in the leaves was measured. Results for Pawnee wheat 
are given in Table III; similar results were obtained with Ajax oats. At 
the lowest light intensities used, an increase in enzyme activity over that 
from etiolated leaves was observed. Light saturation for the enzyme for- 
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mation in both Pawnee wheat and Ajax oats must occur at a relatively low 
light intensity. 

Data in Table IV indicate that the activity of the enzyme increases with 
the length of time at which etiolated Pawnee wheat plants stand in the 


TaBie III 
Glycolic Acid Oxidase Activity in Etiolated Pawnee Wheat after Exposure to Light 


The source of light was a tungsten bulb at light intensities of 0.02 to 100 foot 
candles. A combined Mazda light and carbon arc were used for light intensities of 
200 and 1000 foot candles. Length of time of exposure was 24 hours. 








Light intensity Qoz (N) Light intensity Qoz (N) 
foot candles foot candles 
0.00 9 5 33 
0.02 18 15 40 
0.06 20 20 26 
0.2 20 100 31 
1 21 150 35 
2 33 200 31 
3 27 1000 29 














TaBLe IV 
Glycolic Acid Oxidase Activity after Short Exposure to High Light Intensity 


Etiolated Pawnee wheat was exposed to 1000 foot candles of light for 10 minutes 
and then kept in the dark for varying periods before being analyzed for enzyme 
activity. 














Length of dark period Qo2 (N) Length of dark period Qos (N) 
Teen 0 ive. J hrs. a 

0 | 10 | 16 | 17 

1.5 10 | 20 | 25 

13 24 27 

4 14 30 | 22 

6 16 43 | 20 

12 18 52 | 1iZ4 





dark following a short exposure to high light intensity. Optimal activity 
occurred after about 20 to 24 hours in the dark. Little increase in activity 
was found during the first few hours of darkness. This slow increase in 
activity was also observed when the wheat plants were kept in the light 
for comparable lengths of time. The enzyme activity after 24 hours in 
light (Table III) was about the same as that after a 10 minute exposure 
followed by 24 hours of darkness (Table IV). Thus continuous light is 
not necessary for development of the enzyme activity. 





YVIIM 


tr 
tic 


ro 
fre 
th 
ro 
to 


ot 
of 





N. E. TOLBERT AND M. S. COHAN 643 


Light Spectrum for Activation of Glycolic Acid Oxidase—An action spec- 
trum involves the determination of the relative effectiveness of the radia- 
tion from each part of the spectrum in increasing enzyme activity. Ex- 
ploratory experiments on the activation spectrum were run by exposing 
rows of etiolated Pawnee wheat plants in a continuous prism spectrum 
from a carbon are (6). A control was set up in the same room to check for 
the effects of stray light, and another control was kept in the dark growing 
room. After a 3 hour exposure in the spectrum, the wheat was returned 
to the dark room and the next day was checked for enzyme activity. Be- 


TABLE V 


Activation Spectrum of Glycolic Acid Oxidase in Etiolated 
Pawnee Wheat 





Wave-length |  Qog (N) (average of two) | Energy 
A | ergs per cm.2 per sec. 

Dark room control 10 | 
Exposure room control 11 
7400-9000 18 7500 
6525-7400 26 6100 
5980-6525 19 5500 
5500-5980 19 4600 
5190-5500 25 4000 
4900-5190 22 3000 
4660-4900 22 2200 
4430-4660 19 1450 
4300-4430 22 1000 
4180-4300 23 800 
4080-4180 25 750 
4000-4080 19 | 550 





cause of the necessity of obtaining enough sap for the Warburg manometer 
experiments, the spectrum length was divided into twelve equal distances, 
and all the leaves from each section were combined to obtain one measure- 
ment of enzyme activity. Table V shows the range of wave-lengths of 
light received by each section of plants and the corresponding Qo, (N) 
values for the glycolic acid oxidase. Because of the wide biological varia- 
tion, no curve is drawn, but the observations suggest that the enzyme was 
activated over the entire length of the spectrum from the far red to the 
violet. Further interpretation is not attempted, since the energy level for 
saturating the activation is not known, although it would appear, on an 
energy basis, that the shorter wave-lengths were more effective. 
Substrate Activation of Glycolic Acid Oxidase in Vivo—Benson and Calvin 
(3) have shown that early products of the photosynthetic process include 








644 GLYCOLIC ACID OXIDASE 


glycolic and phosphoglycolic acids. Thus one could postulate that, when 
the etiolated plant is placed in the light and photosynthesis starts, there 
would be an early appearance of glycolic acid which might not have been 
present until this time. The appearance of this acid could then cause the 
activation of the enzyme by the phenomenon known as “substrate activa- 
tion” or “adaptive enzyme formation.” 

If substrate activation were the process involved, then it should be pos- 
sible to activate the glycolic acid oxidase in etiolated plants by glycolic 
acid. This had previously been tested (4) without success by introducing 
sodium glycolate from pH 6 to 8 by vacuum infiltration. By vacuum in- 
filtrating C'*-labeled glycolic acid it can be shown that this compound is 
utilized by green plant leaves only when it is infiltrated as the free acid, for 
apparently the salt will not cross the cell wall. 


TABLE VI 
Activation of Glycolic Acid Oxidase in Vivo in Etiolated Pawnee Wheat 





Treatment | Qoz (N) 
TACOS SERS 2 OL are Pes a ee | 9 
100 foot candle light for 24 hrs................... 200008 36 
0.1 m KzHPOQ,, vacuum-infiltrated......................| 18 
0.1 ‘‘ glycolic acid, vacuum-infiltrated...................| 69 
O.1** i ‘$) SEDEBYOO ON MEAVES). «6 bot akle hors evans | 91 
1 ** " < ‘* + 100 foot candle light....... | 150 





Therefore 0.1 mM glycolic acid at pH 2.3 was given etiolated Pawnee wheat 
in the dark either by spraying it on the leaves of the whole plant or by 
vacuum infiltrating cut off leaves. Both procedures activated the glycolic 
acid oxidase (Table VI) in the etiolated leaves. Watering only the roots 
of the intact plant with glycolic acid did not activate the enzyme in the 
leaf or root. Glycolic acid was sprayed on leaves of the plants in the dark 
on the 6th day from planting, and on the 7th day the leaves, still in a 
healthy condition, were harvested and washed, and the enzyme activity 
determined. The vacuum infiltration procedure was done in the dark, 
after which the leaves were washed with water and were allowed to stand 
in the dark. After 3 hours, the infiltrated leaves were again vacuum-in- 
filtrated, but this time with 0.1 mM K2.HPO, to replace the glycolic acid solu- 
tion in the intracellular spaces before the leaves were ground for analysis 
of enzyme activity. This infiltration with K.HPO, at the end was neces- 
sary, since, otherwise, the pH of the macerated leaves would be below 5 
with resultant inactivation of the oxidase. 

Leaves given glycolic acid by either method had glycolic acid oxidase 
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activity several times greater than if they had stood in the sunlight for 24 
hours. There was little or no activation of the oxidase in etiolated Pawnee 
wheat leaves which were sprayed or infiltrated with formic acid, glyoxylic 
acid, glycine, oxalic acid, glucose, lactic acid, ascorbic acid, glyoxal, cys- 
teine, or glutathione. Infiltration of phosphate buffer alone increased the 
recoverable enzyme from either untreated etiolated or green leaves. In- 
filtrating the roots of normal light-grown bean or Pawnee wheat plants with 
glycolic acid did not activate a glycolic acid oxidase in the roots. 
Substrate Activation of Glycolic Acid Oxidase in Vitro—Substrate activa- 
tion 7n vitro was not observed in earlier short time Warburg manometer 
experiments designed to check enzyme activity of etiolated plants (1). 
However, sap of etiolated barley has been observed which did not contain 





TaBLeE VII 
Substrate Activation of Glycolic Acid Oxidase in Vitro 
Thatcher wheat Pawnee wheat 
pl. O2 
Storage conditions* Pr ag | Storage conditions* Qoz (N) 
| 0.5 ml. sap | 

Before storage 15 | Before storage 8 
Water 0 Water 0 
0.008 m glycolate, pH 8.0 178 0.004 m glycolate, pH 8.0 52 
0.008 ‘‘ bs * 5.5 53 0.004 ‘ = * OS 12 








* Final concentration. 


the oxidase activity the first half hour after adding glycolate from the side 
arm of the Warburg flask, but in which activity was noted an hour after- 
ward. The phenomenon was not due to microbial contamination, but it 
was difficult to reproduce owing to enzyme inactivation at the temperature 
of 30° used in the experiments. Therefore, a lower temperature and a 
longer time were used with sap from etiolated Thatcher or Pawnee wheat 
leaves. These plants were used because the enzyme in the sap from these 
green leaves was more stable than that in sap from green barley leaves. 
The etiolated leaves were ground and centrifuged at 20,000 < g, and the 
cell-free sap stored with various substances in 0.03 m phosphate buffer for 
18 hours at 1°. The glycolic acid oxidase activity in the sap was then 
measured by oxygen uptake in the Warburg flask at 30° with the addition 
of more glycolate from a side arm. 

Sap from the etiolated leaves, after having been stored with glycolate, 
contained the active oxidase (Table VII). These leaves contained, orig- 
inally, little enzyme activity. Sap stored with water, glyoxylic acid, as- 
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corbic acid, glyoxal, cysteine, or glutathione did not catalyze oxygen up- 
take in the Warburg measurement upon the addition of glycolic acid, 
Sap stored at pH 5.5 showed lower activity of the oxidase than that stored 
at pH 8.0. It should be noted that the pH optimum for the enzyme is 
8.3; below pH 5 it is rapidly and irreversibly inactivated (1). 

Activation of Glycolic Acid Oxidase in Albino Barley—The leaves from 
two varieties of albino barley which were grown in the light were found to 
contain little glycolic acid oxidase activity. As indicated in Table VIII, 
a substantial increase in the oxidase activity by activation with glycolic 
acid both in vivo and in vitro can be demonstrated by the techniques de- 
scribed for etiolated leaves. 


TaBLe VIII 


Qo. (N) of Glycolic Acid Oxidase in Albino Barley after Activation with Glycolic Acid 
in Vivo and in Vitro 














Treatment Colesseus I Nigriundum 

STNG MEAT NOHO 5685.0. cho8 cinse. sisi ee Aviation wldaee 15 19 

x Oe VAWADBE VIM IVEAUCR Fs 6 508 hic. essen ve aes 14 18 

sf we RRSEDE Ol-ANMICERGER . . ci. Sco ce ee es 14 

sbi ‘¢ glycolic acid-infiltrated............... 48 49 

s a Fin ECIGUADERYORG Cs 63 cavcsics fe eee 40 

‘¢ sap stored with water..................... 5 

e aE SSMMBIVCOUNG DMIGS ¢x.<i6.0% 002 6 owase 27 

DISCUSSION 


The activity of glycolic acid oxidase is greatly increased in plants when 
etiolated leaves grown in total darkness are exposed to light. The enzyme 
is also activated in the dark in vivo or in vitro by its substrate, glycolic acid, 
and is thus an example of substrate activation in higher plants. The 
observed phenomenon of increase in enzyme activity in etiolated plants, 
when exposed to light, might thus be explained by substrate activation. 
Although protochlorophyll is rapidly converted to chlorophyll when an 
etiolated plant is exposed to light, photosynthesis activity builds up slowly 
over a period of hours.'! Glycolic and phosphoglycolic acids are products 
of the photosynthetic process (3), and these acids might then in turn 
activate the glycolic acid oxidase. The activation of the enzyme in plants 
by light is not an almost instantaneous physical phenomenon but is rather 
a slow process requiring several hours. All portions of the visible spectrum 
are effective in activating the enzyme in etiolated Pawnee wheat as well 
as in promoting photosynthesis. These facts indicate that the great: in- 


1 Smith, J. H. C., personal communication. 
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crease in glycolic acid oxidase activity in an etiolated plant when placed 
in the light may be due to the formation of glycolic acid as a product of 
the carbon cycle in photosynthesis. The presence of the glycolic acid then 
causes an increase in activity of the enzyme which oxidizes it. 

Substrate activation also can explain why some etiolated plants contain 
glycolic acid oxidase activity while othersdo not. Owing to biological vari- 
ations, some etiolated plants might contain glycolic acid before exposure to 
light which would result in an active enzyme, while others must first be 
exposed to light in order to build up a glycolic acid concentration. In all 
etiolated plants tested the activity of the enzyme was substantially higher 
after exposure to light. Likewise, the albino barley plants which had been 
grown in the light did not contain a very active glycolic acid oxidase, but 
they did have the ability to form a considerable amount of the enzyme, 
provided the substrate was present to activate the system. Normally this 
does not occur in albino plants which are unable to photosynthesize, but 
the enzyme can be activated artificially by giving the leaves glycolic acid. 

The presence and the activation of the enzyme in plants is restricted to 
the green parts of the plant or that portion which would be green in a 
normal plant grown in the light. Thus, glycolic acid oxidase has not been 
found in roots, and vacuum infiltration of roots with glycolic acid did not 
activate the enzyme. 


SUMMARY 


1. A survey has been made of the leaves of several etiolated monocotyle- 
donous plants for glycolic acid oxidase. The enzyme activity was very 
low in many species but moderate in others. After exposure to light all 
etiolated plants contained a more active enzyme. 

2. Light saturation for the enzyme activation in leaves of etiolated 
Pawnee wheat and Ajax oats occurred at very low light intensities. Good 
activity was observed after 24 hours in the lowest light intensities used 
(0.02 foot candle). 

3. In etiolated leaves of Pawnee wheat and Ajax oats there was a slow 
increase in activity of the enzyme after exposure to light, which reached a 
maximum in about 20 to 24 hours. 

4. The activity of the glycolic acid oxidase increased in etiolated Pawnee 
wheat leaves when they were placed in any portion of the visible spectrum. 

5. The enzyme was activated in the dark in leaves of etiolated wheat and 
albino barley, both in vivo and in vitro, by substrate activation with glycolic 
acid. 


The authors wish to thank Dr. Sterling B. Hendricks for making the 
exposures in the spectrum and for many valuable suggestions throughout 
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the investigation. We also wish to thank Mr. C. E. Hagen and Dr. H. A. 
Borthwick for their assistance in various phases of the work. 
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PRODUCTS FORMED FROM GLYCOLIC ACID IN PLANTS* 
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(Received for publication, March 6, 1953) 

In green plants there is an active enzyme which oxidizes glycolic acid i‘ 
glyoxylic acid (1); however, in vivo or in crude plant saps the glyoxylic acid 
does not accumulate in appreciable amounts but is further utilized. In this 
paper evidence is presented to show that the major end-products from gly- 
colic acid utilization by barley and wheat plants are glycine, serine, and an 
unknown. The formation of serine appears to be analogous to the recently 
established pathway in animals and microorganisms for synthesis of serine 
from glycine (2). 


Methods 


Glycolic acids labeled with C“ in either the carboxy or a-carbon atom 
were used throughout (3). In experiments in vivo, leaves were vacuum- 
infiltrated with the free acid (4), allowed to stand from a few minutes to 3 
hours in the light, and then killed by grinding the tissue in boiling 80 per 
cent ethanol. Etiolated Pawnee wheat leaves were kept in the dark until 
the grinding process was carried out. In experiments in vitro, the green 
barley and wheat leaves were ground in a chilled mortar and then squeezed 
through cheese-cloth, the sap was adjusted to pH 8.3, and cell fragments 
were removed by centrifugation. 1 ml. of the cell sap and 2 ml. of a solu- 
tion containing about 2 mg. of glycolate were incubated in the Warburg 
flask at 30° with shaking for 1 hour and then poured into boiling 80 per 
cent ethanol to stop the reaction. Phosphate buffer was omitted, and the 
calcium of the original glycolate salt was removed with Dowex 50 before 
use in order to facilitate subsequent chromatography. 

Barley chloroplasts and chloroplast fragments were washed twice with 
distilled water and separated from cytoplasm and mitochondria by differ- 
ential centrifugation (5). The omission of salts or sugar from the usual 
procedure for separation of chloroplasts was also necessary because of sub- 
sequent chromatography. By working rapidly and in the cold a fair yield 

* This work was supported in part by a research grant from the Atomic Energy 
Commission. 


+ Present address, Biology Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 

t Present address, Citrus Experiment Station, University of California, Riverside, 
California. 
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of chloroplasts and chloroplast fragments could be obtained. In Warburg 
manometer respiration experiments they actively catalyzed the oxidation 
of glycolic acid. Roughly 10 per cent of the total enzyme activity of the 
plant was separated with the plastids and the remainder was in the cyto- 
plasm. Between pH 4 and 8 the percentage of activity isolated with the 
chloroplasts and chloroplast fragments was found to be independent of the 
pH during the separation and of the number of times the particles were 
washed. This pH independence would indicate that the enzyme activity 
of the chloroplast fragments may not be due to protein adsorbed on them 
during the isolation process (5). 

The alcoholic solutions were chromatographed, and the products were 
identified as described by Benson ef al. (6), using water-saturated phenol 
in the first direction and butanol-propionic acid-water in the other direc- 
tion. Glycine and serine were eluted separately and rechromatographed 
separately to assure that they were not cross-contaminated. They were 
identified by the ninhydrin spray test, by their Ry values in two different 
solvents, and by cochromatography with known amino acids. For deg- 
radation purposes, the glycine or serine spots from several chromatograms 
from one experiment were eluted with water and combined with inactive 
carrier. The glycine was degraded with ninhydrin (7); each carbon was 
converted to BaCO; and its C™ activity counted. The degradation of 
serine was based on the oxidative decarboxylation by periodic acid (8, 9). 
Both procedures were checked by using known C"-labeled compounds, 
glycine-2-C" and serine-3-C". 


Results 


Products of glycolic acid oxidation in vivo and in vitro are listed in Tables 
I and II. In these experiments of an hour’s duration there was almost 
complete utilization of the glycolic acid. Glycine was an end-product in 
every case, and the relative amounts formed compared to other products 
are indicated in Tables I and II. When a-labeled glycolic acid was used 
as the substrate for experiments in vivo and in vitro, the glycine which was 
formed was also labeled in the a-carbon. The direct conversion of the 
2-carbon chain of glycolic acid to glycine was substantiated by other ex- 
periments with the carboxy-labeled acid which yielded glycine labeled with 
C* only in the carboxy carbon. In each case very little C“O. was formed. 

Glycolic acid is known to be oxidized first to glyoxylic acid (1), but the 
present data indicate that, in vivo or in plant sap, the glyoxylic acid is 
rapidly converted to glycine. In experiments in vitro, stopped after having 
been run for only a short period of time, small amounts of glyoxylic acid 
were present. Its identity was established by Rr values in two different 
solvents and by cochromatography with inactive glyoxylic acid, in which 


the 
acl 
wil 
ha 
gly 


on 
alr 
gly 





YIM 


th 
he 


ng 
id 
nt 


ch 





N. E. TOLBERT AND M. S. COHAN 651 


there was coincidence of the radioactivity and location of the glyoxylic 
acid. The latter was detected by acid spray tests on the chromatogram 
with brom cresol green. In the chromatographic procedure glyoxylic acid 
had the same Ry value in the butanol-propionic acid-water solvent as 
glycolic acid, but it hardly moved at all in the phenol-water solvent (6). 
In experiments in vivo glyoxylic acid as an intermediate was not detected 
on the chromatograms, but glycine was always present. Even in vitro, the 
amount of glycine present after short periods far exceeded the amount of 
glyoxylic acid present. 


TaBLeE I 
Glycine from Oxidation by Plants of Glycotic-2-C' Acid 





Per cent activity | 
Relative 








Plant material aiaune® co : ss Tie ~| Unknown 
| Carbonyl | a.carbon | 
In vivo 
Green wheat leaves.................... + 0 100 | None 
Etiolated wheat leaves................ + | O 100 | “e 
Green barley leaves................... ; o+ ; ae 
In vitro | | 
Green: Wheatisaps....<.6..6..cc00ceescas ++ | | +++ 
Etiolated wheat sap (15 min.).........; ++ | 0 100 Trace 
“ “c 7) (180 “c ) vere eee | +++ | 0 100 | +++ 
Green barley sap................----6| $+ 0 100 | ++++ 
Barley chloroplasts................... ++ | 0 100 | + 





* In comparison with Table II. 


Under the conditions of these experiments, serine was the major end- 
product in vivo, but it was not formed at all in vitro. The percentage of 
the total activity in each carbon of serine formed in vivo from glycolic-2-C™ 
acid is given in Table II. It has been shown for animals that a biological 
pathway for serine synthesis is from glycine whereby the a-carbon of gly- 
cine becomes the a- and B-carbons of serine (2). In the present experiment, 
a-labeled glycolic acid was vacuum-infiltrated into barley or wheat leaves 
to yield serine labeled in both the a- and B-carbons. The pathway for the 
formation of serine from glycolic acid is presumably through the inter- 
mediates, glyoxylic acid and glycine. The lower activity in the B-carbon 
of serine may be due to inactive glycine in the leaf or it may indicate the 
functioning of some other pathway. 

A third major end-product of glycolic acid oxidation in vitro was not 
identified and is listed as an unknown in Table I. A large part of this 
substance could be precipitated from an 85 per cent alcohol solution which 








652 PRODUCTS FORMED FROM GLYCOLIC ACID 


was often used to stop the reaction at the end of a run. In 50 to 60 per 
cent alcohol it was soluble and could be placed on paper chromatograms 
along with the rest of the plant extract. This substance did not move in 
the phenol-water solvent used to develop the chromatograms and moved 
only as a short streak in the butanol-propionic acid-water solvent. It gave 
a positive ninhydrin color test on the chromatograms. After the unknown 
was eluted from the paper with water or precipitated by alcohol from the 
original mixture, it was hydrolyzed in 1 N HCl at 120° for 25 hours. All of 
the activity was recovered in glycine. When C"-labeled glycine was incu- 
bated with green barley sap under the same conditions which converted 
glycolic acid to this unknown, there was little utilization of the glycine and 
the unknown was not formed. 

Etiolated Pawnee wheat leaves and leaf sap utilized glycolic acid as does 
the green sap but at a much slower rate (4). The more even distribution 


TABLE II 
Serine from Oxidation by Plants of Glycolic-2-C'4 Acid 





Per cent activity 
Plant material, in vivo Relative a 


— Carboxyl 
carbon 





a-Carbon  8-Carbon 





Green wheat leaves..................... ++++ <1 60 39 
Etiolated wheat leaves................. bebe o | & | 46 
Green barley leaves.................... poe 














of the C™ in the a- and 6-carbons of serine from etiolated leaves would 
indicate less dilution by inactive glycine in these starved etiolated leaves. 


DISCUSSION 


These results indicate a direct pathway for the metabolism of glycolic 
acid to glycine and serine in higher plants. The 2-carbon chain of glycolic 
acid apparently goes unchanged to glycine and to the carboxy and a-car- 
bons of serine, while the 8-carbon of serine is formed chiefly from the 
original a-carbon of glycolic acid. Previous studies on the oxidation of 
glycolic acid (1, 10) have been concerned with the isolated enzyme, gly- 
colic acid oxidase, which catalyzes the oxidation of glycolic acid to gly- 
oxylic acid, followed by non-enzymatic oxidation of glyoxylic acid by H,0. 
to formic acid and carbon dioxide. The results reported here for the crude 
sap show further utilization of the glyoxylic acid by plant enzymes. 

In this paper only the two major products from glycolic acid utilization 
by wheat and barley leaves are discussed. In experiments in vivo with 
glycolic acid a great number of other compounds slowly become labeled 
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with C™, but for experiments of a few minutes duration glycine and serine 
are the only major products. From experiments in vivo which lasted an 
hour, several other products were present on the chromatograms, but none 
of them contained more than a small percentage of the activity found in 
the glycine and serine products. Recently it has been shown that glyoxylic 
acid is oxidized to oxalic acid by an enzyme in tobacco leaves (11). In the 
experiments reported here with barley and wheat leaves, oxalic acid was 
not a major product, but it could have been present in the longer experi- 
ments 7n vivo as one of the unidentified products formed in small amounts. 

Several functions for glycolic acid in plants have recently been proposed. 
The oxidation of glycolic acid to glyoxylic acid is a reversible system 
capable of functioning as a terminal oxidase in plants (10). Glycolic acid 
has been shown to be closely associated with the carbon cycle in photo- 
synthesis (12). The data presented here indicate that it serves as a carbon 
source for glycine and serine synthesis and thus probably functions between 
a 2-carbon fragment of the carbon cycle in photosynthesis and these amino 
acids. 

With the alga Scenedesmus it has been shown that glycolic acid can serve 
as a carbon source for the a- and 8-carbon atoms of glyceric acid (12). 
Equal labeling was found in these 2 carbons of glyceric acid from unequally 
labeled glycolic acid. This was interpreted to indicate that glycolic acid 
could serve as a source for a symmetrical 2-carbon compound needed in 
photosynthesis for the initial CO, fixation step which forms glyceric acid. 
Our data suggest also that part of the glyceric acid formed from glycolic 
acid might actually arise from the metabolic utilization of serine, which is 
the major and rapidly formed product from glycolic acid in vive and which 
also is about equally labeled in the a- and 8-carbons. 

The source of the amino group for glycine and serine has not been 
investigated, although transamination between glyoxylic acid and other 
amino acids would be expected. This transamination must occur in iso- 
lated and twice washed barley chloroplast fragments, since no amino acids 
or other nitrogen source was added in the experiments. 


SUMMARY 


In barley and wheat leaves the major products formed from glycolic acid 
are glycine, serine, and an unknown. The carbon atoms of the glycolic 
acid become the corresponding ones in glycine and the carboxy and a-car- 
bons of serine. The 6-carbon of serine is formed from the a-carbon of 
glycolic acid. 


The authors are indebted to Dr. B. M. Tolbert for the C'*-labeled gly- 
colic acid which was purchased from the Isotopes Division of the Atomic 
Energy Commission and for samples of C'!-labeled glycine and serine. 
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FACTORS INVOLVED IN THE ENZYMATIC REDUCTION OF 
CYTOCHROME c* 


By AGNAR P. NYGAARD 
(From the Laboratory of Enzyme Chemistry, Cornell University, Ithaca, New York) 


(Received for publication, December 29, 1952) 


The literature reports the possible existence of a factor which links both 
succinic dehydrogenase and DPNH-cytochrome c reductase! to cytochrome 
c (1-4). The enzyme systems involved have been represented as follows 


(2): 


Succiniec dehydrogenase —-——-—> cytochrome b 
unknown factor 


Diaphorase (or DPNH-cytochrome c reductase) 
— cytochrome c — cytochrome a — cytochrome a; > Oz 


The evidence for the presence of a common factor for the two systems is 
based upon inhibition studies, notably with British anti-Lewisite (BAL) 
(1-3) and with antimycin A (4). 

In a recent publication by Nygaard and Sumner (5) it was shown that a 
factor sensitive to lecithinase A may be located between succinic dehy- 
drogenase and cytochrome c. The basic evidence presented was that a 
slight (less than 10 per cent) hydrolysis of the mitochondrial lecithin by 
lecithinase A resulted in the complete inactivation of succinoxidase, whereas 
succinic dehydrogenase and cytochrome oxidase were only slightly affected 
by the same treatment. The present paper is concerned with the further 
investigation of the action of lecithinase A on the succinoxidase system and 
with the effect of lecithinase A on the enzymes involved in the oxidation 
of DPNH. 


EXPERIMENTAL 


Tissue Preparations—The tissue preparations used in this study were rat 
liver homogenate, pig heart homogenate, and an insoluble fraction of pig 
heart. The homogenates were prepared in an isotonic sucrose solution with 


* This investigation was supported in part by grants from the Rockefeller Foun- 
dation and the United States Public Health Service. The author wishes to express 
his thanks to Dr. J. B. Sumner for his interest and advice during this investigation. 
Thanks are also due to Dr. Elmer Stotz of the University of Rochester for consulta- 
tion on some aspects of this problem. 

1DPN+ = diphosphopyridine nucleotide, DPNH = reduced DPN. 
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the Potter-Elvehjem homogenizer. The heart homogenate was strained 
through cheese-cloth, the insoluble fraction of pig heart was made according 
to Edelhoch e¢ al. (6), and soluble DPNH-cytochrome c reductase was ex- 
tracted from this insoluble fraction by means of 9 per cent alcohol (6). 

Lecithinase A—The sample of crystalline lecithinase A was employed as 
was used in the previous study (5).? 

Diphosphopyridine Nucleotide—Two methods of reduction of DPN*+ were 
used, namely with crystalline alcohol dehydrogenase (6) and with hydro- 
sulfite (7). It was necessary to use the enzymatically reduced DPNH in 
the determination of diaphorase activity because of the presence of disturb- 
ing substances in samples reduced with hydrosulfite. In all other deter- 
minations the two samples of DPNH could be used interchangeably. 

Test Systems—Succinate-cytochrome c reductase is that portion of the 
succinoxidase system which is concerned with the reduction of cytochrome 
c, DPNH-oxidase is the complex of enzymes involved in the aerobic oxida- 
tion of DPNH, and DPNH-cytochrome c reductase is that portion of the 
DPNH-oxidase system which is concerned with the reduction of cyto- 
chrome c. 

The spectrophotometric determinations of cytochrome c reduction and 
DPNH oxidation were carried out as described by Slater (2, 3), except that 
a 0.033 m phosphate buffer, pH 7.4, was used throughout. Cytochrome c 
was added to a concentration of 3.2 x 10-5 m. Optical densities at 550 
my were converted to molar concentrations of reduced cytochrome c by 
multiplying by the factor 5.35 x 10-5 (3), and optical densities at 340 my 
were converted to molar concentrations of DPNH by multiplying by the 
factor 16.1 XK 10-5 (3). 

Succinoxidase and cytochrome oxidase were determined manometrically, 
in a 0.033 m phosphate buffer, pH 7.4. Cytochrome c was added to a con- 
centration of 1.6 X 10-5 m and 8.0 X 10-* M, respectively. Ascorbic acid 
was used as reducing agent in the determination of cytochrome oxidase. 

Diaphorase activity was determined with 2 ,6-dichlorophenol indophenol, 
as described by Edelhoch et al. (6), spectroscopic examinations of the cyto- 
chromes in the heart-muscle preparations were carried out as described by 
Ball e¢ al. (8), and malic oxidase was measured manometrically with the 
reaction mixture of Potter (9). The manometric and the spectrophoto- 
metric measurements were all made in a total volume of 3.0 ml. 


Results : 


Succinoxidase—In preliminary experiments, succinoxidase in heart mus- 
cle was found to be inactivated by lecithinase A, but more than 50 times 


? The author is grateful to Dr. H. Fraenkel-Conrat of the University of California 
for a sample of crystalline lecithinase A (once crystallized crotoxin). 
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as high a concentration of lecithinase A was necessary as for the inactiva- 
tion of succinoxidase in liver (5) under the same conditions. Thus, at least 
25 y per ml. of lecithinase A, incubated for 15 minutes at 37°, were neces- 
sary for the complete inactivation of succinoxidase in heart muscle, whereas 
less than 0.5 y per ml. of lecithinase A was required for the complete inac- 
tivation of succinoxidase in liver under the same conditions (5). This 
recalls the observation of Potter and Reif (4) that greater concentrations 
of antimycin A were needed for the inactivation of succinoxidase in heart 
muscle than for the inactivation of the same system in liver. 

The oxidation of cytochrome c by heart muscle was also inactivated by 
lecithinase A, but again, as in liver (5), this reaction was not the limiting 
one in the inhibited succinoxidase system (see Tables I to IV). 

Since cytochrome oxidase was less inactivated by lecithinase A than was 
the over-all succinoxidase system, it was expected that lecithinase A would 
have the same effect on succinate-cytochrome c reductase as it had on the 
succinoxidase system. When the reduction of cytochrome c by succinate 
was determined in a Beckman spectrophotometer at room temperature, it 
was found to be affected to only a small extent by lecithinase A. In all 
experiments recorded previously (5), succinoxidase had been determined 
at 37°. It was therefore necessary to determine the effect of lecithinase A 
on the succinoxidase system, as measured at room temperature. The re- 
sults of these experiments partially explained the apparent discrepancy 
between the effect of lecithinase A on the succinoxidase system and on the 
succinate-cytochrome c reductase system. As may be seen from Tables I 
and II, the samples which had been treated with lecithinase A had higher 
succinoxidase activity at 25° (or 30°) than at 37°. From Table [ it is evi- 
dent that lecithinase A had the same effect on succinoxidase and succinate- 
cytochrome c reductase in liver. The quantitative data for the two sys- 
tems agree fairly well, with one exception. In heart muscle, however, all 
the values obtained for succinate-cytochrome c reductase, both with the 
controls and with the treated samples, were much lower than the corre- 
sponding values for succinoxidase (Table II). In this preparation, in- 
cubation with lecithinase A appeared to increase rather than decrease the 
activity of succinate-cytochrome c reductase (as determined at room tem- 
perature). 

Additional] results, which are recorded in Tables I and II, may be sum- 
marized as follows. The succinoxidase activity in heart muscle which had 
been treated with lecithinase A was increased when the reaction mixture 
was cooled from 37° to 30°. In contrast, succinoxidase and succinate- 
cytochrome c reductase in liver, treated with lecithinase A, appeared to be 
inactivated by incubation in the reaction mixture at 37° for a short period 
of time. The difference in the effect of lecithinase A on the succinoxidase 
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system in heart muscle and in liver was not an absolute one, however. 
Thus, in experiments not recorded in Tables I to IV, succinoxidase and 
also succinate-cytochrome c reductase in heart muscle were irreversibly 
inactivated by prolonged incubation in the reaction mixture at 37° (20 
minutes or more). Moreover, the succinoxidase activity of liver has been 
observed to be increased by cooling of the reaction mixture from 37° to 25° 
after a very short incubation period at 37°. 


TABLE I 


Activity of Succinoxidase and of Succinate-Cytochrome c Reductase in Rat Liver 
Homogenate Treated with Lecithinase A* 





Activity, weq. per min. per mg. 
homogenate 
Enzyme system aot 
Lecithinase 
Control A-treated 
Succinoxidase, measured at 37°................205. 0.320 0.000 
+ re SE saiacciaurd bia ahicn wie 0.060 0.030 
eo di *¢ 25° after 10 min. incu- 
bation of reaction mixture at 37°f............... | 0.200 0.000 
Succinate-cytochrome c reductase, measured at 25°.| 0.058 0.036 
‘é“ 6“ 6“ 73 “cc 95° | 
after 10 min. incubation of succinoxidase reaction | 


PAURONEOTNS Tre) es. Ss Peels dino cba 0.070 0.002 





* A 10 per cent rat liver homogenate was incubated with 2 y per ml. of lecithinase 
A for 15 minutes at 37° (including the equilibration period in the side arms of the 
Warburg vessels). The activity of cytochrome oxidase in the lecithinase A-treated 
sample was 0.400 m.eq. per min. per mg. of homogenate at 37°. 

{ These samples were incubated for 6 minutes at 25° in the side arms of the War- 
burg vessels (for equilibration), in addition to the 15 minutes incubation at 37°. 

¢t The Warburg manometers and flasks were moved from the 37° bath to the 25° 
bath, and readings were taken after a 5 minute equilibration period. 

§ After incubation at 37°, the reaction mixture (the same as used in the succinoxi- 
dase experiments) was rapidly cooled and a small aliquot (less than 0.1 ml.) was 
added to the reaction mixture used for spectrophotometric measurements. 


The inactivation of succinoxidase and succinate-cytochrome c reductase 
by incubation in the reaction mixture at 37° could be due either to further 
hydrolysis by lecithinase A during the reaction period (which would be 
expected to take place more rapidly at 37° than at a lower temperature), 
or it could be due to the effect of dilution on a factor which was already 
rendered labile by the action of lecithinase A. The first explanation is 
unlikely because the tissue preparations were diluted roughly 1:100 when 
added to the reaction mixture, thus resulting in concentrations of lecithin- 
ase A which were much too low to have any effect on the succinoxidase 
system, even after prolonged incubation periods. 
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It has been shown previously (5) that succinic dehydrogenase in liver 
was slightly inactivated by lecithinase A under conditions which com- 
pletely inactivated the succinoxidase system. This inactivation was not 
increased when lecithinase A was added in several hundred-fold excess of 
what was needed to inactivate completely the succinoxidase system. Like- 


TaBLe II 
Activity of Succinoxidase and of Succinate-Cytochrome c Reductase in Heart Muscle 
Preparation Treated with Lecithinase A* 
Activity, weq. per min. per mg. heart 


muscle preparation 
Enzyme system 


Ce a 

Succinoxidase, measured at 37°.................... 1.200 | 0.000 
ss aS a) RRR er etiae ea 0.640 | 0.200 

i a ‘¢ 30° after 10 min. incu- 
bation of reaction mixture at 37°f............... 0.840 | 0.180 
Succinate-cytochrome c reductase, measured at 25°. 0.080 | 0.100 

“ce “cc “ce “c“ “cc 25° | 

after 10 min. incubation of reaction mixture at 

BU Oe hairy ena eee Ae at hws ie alta emanate ee 0.160 0.100 





* 34 mg. per ml. of heart muscle suspension were incubated with 80 y per ml. of 
lecithinase A for a total period of 25 minutes at 37°. The apparent activity of cyto- 
chrome oxidase of the lecithinase A-treated sample was 0.150 weq. per min. per mg. 
of heart muscle at 37°. 

{ These samples were incubated for 6 minutes at 30° in the side arms of the War- 
burg vessels (for equilibration), in addition to the 25 minutes incubation at 37°. 
There was no accumulation of reduced cytochrome c in the Warburg vessels in spite 
of the fact that cytochrome oxidase, according to conventional measurements, 
should be the limiting factor in the lecithinase A-treated samples. 

t Warburg manometers and flasks were moved from the 37° bath (where the ac- 
tivity of the lecithinase A-treated sample was 0.000) to the 25° bath, and readings 
were taken after a 5 minute equilibration period. 

§ After incubation at 37°, the reaction mixture (the same as used in the succinoxi- 
dase experiment) was rapidly cooled and a small aliquot (less than 0.1 ml.) was added 
to the reaction mixture used for the spectrophotometric measurements. 


wise, succinic dehydrogenase in heart muscle was only slightly affected by 
lecithinase A under conditions which completely inactivated the succinox- 
idase system. 

Since cytochrome oxidase and succinic dehydrogenase were less inacti- 
vated by lecithinase A than was the over-all succinoxidase system, it was 
of interest to investigate the behavior of cytochrome 6 in an inhibited 
succinate-cytochrome c reductase system. By allowing a heart muscle 
preparation which had been treated with lecithinase A to stand at 4° for 1 
or 2 days, both succinate-cytochrome c reductase and succinoxidase, as 
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determined at room temperature, were inactivated. Spectroscopic exam- 
inations were carried out with such a sample to determine the effect of 
lecithinase A on cytochrome b. By adding succinate to the sample, the 
bands of reduced cytochromes a + as, b, and ¢ all appeared. When the 
mixture was shaken in air for a few seconds, the b band remained visible, 
but the a + a; and c bands disappeared. On standing, the reduced bands 
of cytochromes a + a; and ¢ reappeared, but more slowly than the corre- 
sponding bands in the control. These findings indicate that lecithinase A 
interferes with the reoxidation of reduced cytochrome b without affecting 
its reduction (8). 


TaB_e III 
Effect of Lecithinase A on Malic Oxidase, Succinoxidase, DPNH-Ozidase, 
DPNH-Cytochrome c Reductase, and Succinate-Cytochrome c Reductase 
in Rat Liver Homogenate* 





Activity, weq. per min. per mg. 
homogenate 


| 


Enzyme system 


Control | Lecithinase A-treated 


| 3 per ml. 200 y per ml. 


Malic oxidase, measured at 37°. . 0.180¢ | 0.130 0.000 


Succinoxidase, - aes aaa ae Tee ee 3, 0.000 
DPNH-oxidase, ee PE evn RA ree | 0.190 0.140 0.054 
DPNH-cytochrome c reductase, measured at 25°..... | 0.180 | 0.094 0.067 


Succinate-cytochrome c reductase, measured at 25°. | 0.048 | 0.038 0.005 

* A 10 per cent rat liver homogenate was incubated with 3 y per ml. or with 200 y 
per ml. of lecithinase A for 15 minutes at 37°. 

¢ Malic dehydrogenase was probably the limiting factor in the control (9). 

t The apparent cytochrome oxidase activity was 0.04 m.eq. per min. per mg. of 
homogenate. 





DPNH-Oxidase—It has been shown previously (5) that the DPN-linked 
malic oxidase system in liver was partially inhibited by lecithinase A under 
conditions which completely inhibited the succinoxidase system. Potter 
and Reif (4) have made a similar observation with antimycin A as inhibitor. 
In Table III it is shown that an almost completely inactivated succinate- 
cytochrome c reductase system may exist together with a fairly active 
DPNH-cytochrome c reductase and DPNH-oxidase system. 

In contrast to liver, the enzymes involved in the aerobic oxidation of 
DPNH by heart muscle could be destroyed completely without major de- 
struction of the succinoxidase system. This is shown in Table IV. In 
another experiment, not recorded in Table IV, it was observed that, by the 
incubation of heart muscle homogenate with 10 y per ml. of lecithinase A 
for 15 minutes at 37°, the malic oxidase system was completely destroyed, 
whereas the succinoxidase system was inactivated only 40 per cent. 
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Soluble DPNH-cytochrome c reductase was unaffected by treatment 
with 200 y per ml. of lecithinase A for 15 minutes at 37°. The specific 
activity (6) of the preparation used in this study was 6 units. Edelhoch et 
al. (6) similarly observed that antimycin A inactivated particulate DPNH- 
cytochrome c reductase without affecting the soluble enzyme. 

The diaphorase activity of the heart muscle preparation was inhibited 
18 per cent by lecithinase A under conditions which completely inactivated 
DPN H-oxidase (incubation with 12 y per ml. of lecithinase A for 30 min- 
utes at 37°). The inactivation was not increased when 100 y per ml. of 
lecithinase A were used under the same conditions. 


TasB_Le IV 


Effect of Lecithinase A on DPNH-Oxidase, DPNH-Cytochrome c Reductase, 
Succinate-Cytochrome c Reductase, and Succinoxidase in Heart Muscle 











Preparation* 

| Activity, veq. Ee min. per mg. 

heart muscle preparation 

Enzyme system eres ee ea 
Control ——- 

DPNH-oxidase, measured at 25°.................. 0.840 0.000 
DPNH-cytochrome c reductase, measured at 25°... 0.090 0.000 
Succinate-cytochrome c reductase, measured at 25°. 0.090 0.110 
Succinoxidase, measured at 30°f................... 0.560 0.440 
rf ak | eR CES ME oy oe aoe ree 0.880 0.120 


| 
* 36 mg. per ml. of heart muscle suspension were incubated with 40 y per ml. 
of lecithinase A for 17 minutes, and the suspension was diluted 1:15, and then in- 
cubated 6 more minutes at 37°. 
+ These samples were incubated for 6 minutes at 30° in the side arms of the War- 
burg vessels (for equilibration), in addition tc the incubation at 37°. 





DISCUSSION 


The effects of lecithinase A on the succinoxidase and on the DPNH- 
oxidase system have been observed to be reflected on their respective cyto- 
chrome c reductase systems. However, the data obtained for the oxidases 
do not always agree with the data for the reductases, the apparent activi- 
ties of the reductases frequently being much lower than the corresponding 
activities of the oxidases. This was always the case when heart muscle 
was used as the enzyme preparation. Furthermore, the per cent inhibition 
of succinoxidase in heart muscle appears to be higher than the inhibition 
of succinate-cytochrome c reductase (Table II). Similar observations have 
been made with the DPNH-oxidase system. To explain these discrepan- 
cies, one may consider the possibility that the method of determining 
cytochrome c reductase could give values which were below the actual rate 
of respiration of the system. The method gives a measure of the reduction 
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of exogenous cytochrome c rather than of endogenous cytochrome c, and 
it has been observed previously (3) that the reduction of exogenous cyto- 
chrome c may be slower than the reduction of endogenous cytochrome ¢, 
The observation that lecithinase A may have a smaller effect on the re- 
ductase than on the oxidase system could be due to an increase in the 
reduction of exogenous cytochrome c as compared to the reduction of en- 
dogenous cytochrome c. Such an effect of lecithinase A could explain the 
observation that the apparent activity of succinate-cytochrome c reductase 
in heart muscle was increased by incubation with lecithinase A (Tables II 
and IV). 

The initial effect of lecithinase A on the succinate-cytochrome c reductase 
system appears to be to render the system labile. The labilization may be 
due to cleavage of the bond between the lysolecithin moiety and the un- 
saturated fatty acid moiety of a phospholipide which is essential for the 
reduction of cytochrome c by cytochrome b. The labilized factor had a 
higher activity at 25° than at 37°, and the activity was increased by cooling 
of the reaction mixture from 37-25°. This negative temperature coefficient 
of the inhibited succinate-cytochrome c reductase system could be due 
to an increase in hydrolysis with temperature. The reactivation of the 
system by cooling of the reaction mixture could then be explained by a 
reversal of the hydrolytic reaction. The ability to resynthesize the factor 
was lost more rapidly in liver than in heart muscle (see the incubation 
experiments in Table I). A detailed study of the resynthesis of the phos- 
pholipide and the reactivation of the factor will be published elsewhere. 

Since three inhibitors, namely BAL (1-3), antimycin A (4), and leci- 
thinase A, have been shown to inactivate cytochrome c reductase both in 
the succinoxidase and in the DPNH-oxidase systems, it is likely that the 
factors involved in the two systems are similar. However, the great differ- 
ences in the stability toward the action of lecithinase A observed both in 
heart muscle and in liver strongly indicate that cytochrome b and DPNH- 
cytochrome c reductase (or diaphorase) do not react with cytochrome ¢ 
through the same compound. 

It is tempting to postulate that the phospholipides involved in the re- 
duction of cytochrome c are structural components of different chemical or 
physical compositions. This would make it appear reasonable (a) that 
soluble DPNH-cytochrome c reductase was unaffected by lecithinase A, 
(b) that succinate-cytochrome c reductase of liver had a different sensitivity 
to the action of lecithinase A than had the same system of heart muscle, 
(c) and that succinic dehydrogenase and diaphorase were only slightly in- 
hibited by lecithinase A. The dyes involved in the determination of these 
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>, and SUMMARY 


cyto-  — Suecinate-cytochrome c reductase and DPNH-cytochrome c reductase in 
me ¢. heart muscle and in liver were inactivated by hydrolysis of the tissue phos- 
he re- pholipides with crystalline lecithinase A. 
n the — §pectroscopic examinations indicated that the lecithinase A-sensitive 
of €l- factor involved in the reduction of cytochrome c by succinate was located 
in the petween cytochromes b and c. Evidence has been presented to show that 
ictase this factor, when hydrolyzed with lecithinase A, has a higher activity at 
les II | 95° than at 37°, and that a reactivation of the factor may occur by cooling 
the reaction mixture. 
ictase ~—- Studies of the effect of lecithinase A on liver have shown that in this 
ay be tissue a completely inactivated succinate-cytochrome c reductase system 
ie UN- may exist, together with a fairly active DPNH-cytochrome c reductase 
r the system. In heart muscle, however, DPNH-cytochrome c reductase can 
had &® be completely inactivated without an appreciable destruction of succinate- 
ooling cytochrome c reductase. 
ficient Soluble DPNH-cytochrome c reductase, ‘extracted from heart muscle, 
e due was unaffected by lecithinase A. 
of the Diaphorase and succinic dehydrogenase were only slightly inhibited by 
by & ecithinase A under conditions which completely inactivated DPNH-oxi- 
factor dase and succinoxidase. The inhibition of these enzymes was not increased 
ation when higher concentrations of lecithinase A were employed. 
phos- It has been suggested that the lecithinase A-sensitive factors are phos- 
ere. —_ pholipides which may be involved in the enzymatic reduction of cyto- 
leci- chrome c by succinate and DPNH, and that these phospholipides may be 
oth in structural factors of different chemical or physical composition. 
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SYNTHETIC a-AMINO-6-HYDROXYVALERIC ACIDS 


By H. W. BUSTON, JOYCE CHURCHMAN, anv JILLIAN BISHOP 


(From the Biochemical Laboratories, Department of Botany, Imperial College of 
Science, London, England) 


(Received for publication, February 18, 1953) 


The presence of certain ill defined hydroxyamino acids among the hy- 
drolysis products of proteins has been reported from time to time; thus 
Dakin (1) isolated from casein an amino acid whose analysis agreed with 
hydroxyleucine, and references to hydroxyvaline have also appeared in the 
literature (Schryver and Buston (2); Czarnetzky and Schmidt (3)). The 
application of paper chromatography should serve to decide the existence 
of these supposed protein constituents (see Heyns and Walter (4)), and in 
this connection certain hydroxyamino acids containing 5 and 6 carbon 
atoms have been prepared. Some chemical and biological properties of 
these acids, particularly of the isomeric hydroxyaminovaleric acids, are now 
recorded. 


EXPERIMENTAL 


a-Amino-B-hydroxy-n-valeric Acids—‘‘Hydroxynorvaline” (m.p. 223°) 
was synthesized by Osterberg (5) from a-chloropropyl! ethyl ether, and by 
Botvinnik, Morosova, and Samsonova (6) by two methods from 8-ethyl- 
acrylic acid (m.p. 231°). In neither instance is any reference made to the 
existence or separation of two DL isomers corresponding to threonine and 
allothreonine. These two DL isomers have now been prepared, and it 
would seem that the earlier authors were dealing with mixtures of the two. 

The method for the synthesis of allothreonine used by Carter and Zirkle 
(7) was followed. From 61 gm. of ethylacrylic acid (m.p. 9°), 60 gm. of 
a-bromo-8-hydroxy-n-valeric acid were obtained, m.p. 71°. 26 gm. of this 
compound gave, on amination in the cold, 8.4 gm. of amino acid, m.p. 
236°. Analysis gave C 45.28, H 8.39, N 10.74, amino N (Van Slyke) 11.0 
per cent; required for C5H,,O3N, C 45.11, H 8.32, N 10.52 per cent. Treat- 
ment with periodic acid liberated propionaldehyde, confirming that the 
product was an a-amino-6-hydroxy acid. A paper chromatogram by the 
technique of Hardy and Holland (8) gave a single ninhydrin-sensitive spot, 
and it was concluded that, as shown by Carter and Zirkle for allothreonine, 
the synthesis gave exclusively one of the two possible pL isomers. The 
over-all yield from ethylacrylic acid was 24 per cent. The amino acid 
crystallized from dilute ethanol in glistening plates. The following deriva- 
tives were prepared: N-benzoyl, m.p. 181°; phenyl isocyanate, m.p. 164°; 
naphthyl isocyanate, m.p. 179°. 
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6.3 gm. of the N-benzoyl derivative were converted to the methyl ester 
(m.p. 114°) by diazomethane. Treatment with thionyl chloride (Atten- 
burrow, Elliott, and Penny (9)) and hydrolysis of the resultant product 
gave 2 gm. of a second amino acid (Type IT), crystallizing from dilute 
ethanol in small prisms, m.p. 215°. Found, C 44.35, H 8.03, N 10.62 per 
cent. This acid also gave a single spot on the chromatogram, but with an 
Ry value considerably higher than that given by the original amino acid. 
A mixture of the two gave well separated spots on the chromatogram. The 
N-benzoyl] derivative of this amino acid melted at 149°, and the phenyl 
isocyanate at 150°. 

a-Amino-8-hydroxyisovaleric Acid (Hydroxyvaline)—Attempts were made 
to apply the Carter and Zirkle method to the synthesis of hydroxyvaline 
from 6,8-dimethylacrylic acid, and a satisfactory yield of the bromohy- 
droxy acid (m.p. 63°) was obtained. All attempts to convert this to the 
amino acid by direct treatment with aqueous ammonia failed. The pale 
yellow syrups obtained gave strong ninhydrin reactions, and indications 
were obtained that an amino acid might be separated on a suitable ion 
exchange column. However, the method offered no advantage over that 
used by Abderhalden and Heyns (10), based on that of Schrauth and Geller 
(11), and the sample of hydroxyvaline used in the biological tests described 
below was accordingly prepared by Abderhalden’s method (m.p. 217°). 

Biological Properties—Instances of “antagonism” between amino acids 
and their hydroxy analogues, when present in nutrient media for micro- 
organisms, have been recorded; e.g., Shive and Macow (12) noted com- 
petitive inhibition of the growth of Escherichia coli in the presence of as- 
partic acid by the substance designated dl-para-hydroxyaspartic acid by 
Dakin (see (12)). It seemed of interest to ascertain whether the hydroxy- 
amino acids now studied could also inhibit growth of microorganisms, for, 
if it were so, and such hydroxyamino acids indeed occur among the hy- 
drolysis products of proteins, microbiological assay of some individual 
amino acids in protein hydrolysates might be open to error. Accordingly 
some experiments to this end were carried out, according to the methods 
described by Barton-Wright (13). 

Hydroxy-pu-valine—This compound was tested in combination with L- 
valine, the test organism being Lactobacillus arabinosus 17-5. The amino 
acid could not replace valine in the medium, but, as shown in Table I, 
there was an antagonism towards it. 

Hydroxy-pi-norvaline—This amino acid was tested in combination with 
L-valine (L. arabinosus) and with pui-threonine (Streptococcus faecalis). In 
no case was any antagonism detected, nor could the compound replace 
either valine or threonine in media lacking these amino acids. 

Hydroxy-pu-norvaline, Type II—No antagonism towards valine (L. arab- 
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ester | inosus) was observed, but towards threonine (S. faecalis) the hydroxy acid 
tten- | was found to show marked antagonism (Table IT). It could not replace 
duct | valine or threonine in nutrient media. 
lilute 
2 per TABLE | 
th an Antagonism between u-Valine and Hydroxy-pu-Valine for Growth of L. arabinosus 17-5 
acid Incubated 72 hours at 30°. 

The a L-Valine | Hydroxy-pt-valine Acid produced equivalent to 
ieny! _ * per 10 wt : . per 10 al. ml. 0.1 n NaOH 
0 0 1 Pa 
made 0 100 £3 
‘aline 0 400 1.4 
\Ohy- 25 | 0 5.0 
5 25 | 100 4.4 
a 25 400 2.2 
pale 25 1000 1.4 
tions 50 | 0 7.0 
e ion 50 100 4.4 
that 50 1000 1.6 
reller > ae 
ribed TABLE II 
i : Antagonism between pu-Threonine and Hydroxy-pu-norvaline (Type II) for Growth of 
acids S. faecalis 
icro- Incubated for 72 hours at 37°. 
rie pt-Threonine Hydroxy-p1-norvaline Acid produced equivalent to 
I as- See: aonb) es ee ees 
id by y per 10 ml. y per 10 ml. ml. 0.1 N NaOH 
roxy- 0 0 1.7 
a 0 50 1.65 
? ‘ 0 100 1.9 
e hy- 5 0 2.95 
‘idual 5 50 1:7 
ingly 5 100 1.8 
thods 10 0 4.2 
10 50 1.9 
10 100 1.7 
t $ L- 25 0 6.5 
ymino 25 250 1.75 
ble I, 50 0 6.8 
50 100 6.15 
with 
In DISCUSSION 
place 7 ; , . ; 
The two isomeric hydroxynorvalines are the homologues of pu-threonine 
iid: and pu-allothreonine, and it seems reasonable to suppose that the com- 
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pound designated Type I is structurally related to allothreonine. The 
evidence upon which this tentative conclusion is based is as follows: (1) as 
for allothreonine, the Carter and Zirkle synthesis yields exclusively Type 
I; (2) the melting point of the acid and of its N-benzoyl derivative js 
higher than for Type IT, and its Ry value lower (cf. allothreonine and threo- 


nine); (3) only Type IT has been found to exhibit biological activity. 


SUMMARY 


1. Two stereoisomeric forms of DL-a-amino-§-hydroxy-n-valeric acid 
have been prepared. 

2. Only one of these isomers possesses biological activity, being antago- 
nistic towards threonine, but not towards valine, for growth of some micro- 
organisms. 

3. A suggestion as to the stereochemical relation of the two isomers is 
made. 


4. Hydroxy-pu-valine is antagonistic towards valine for growth of Lacto- 
bacillus arabinosus. 


Addendum—Since this paper was submitted for publication, our attention has been 
drawn to the work of Izumiya (14). We have had access only to an abstract of this 
paper, from which it is evident that this author has also prepared the two diastere- 
oisomers of 8-hydroxy-pL-norvaline. 
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CELLULOSE DIGESTION IN TEREDO* 


By LEONARD J. GREENFIELD anp CHARLES E. LANE 


(From the Marine Laboratory, University of Miami, Coral Gables, 
Florida) 


(Received for publication, March 12, 1953) 


Wood-boring animals belonging to at least two different metazoan phyla 
have been shown to possess cellulytic enzyme systems (1, 2). Marine 
borers of the genus Teredo have been shown (3) to contain up to 50 per 
cent glycogen on a dry weight basis. This observation, combined with the 
fact that the animal spends its entire adult life span embedded in wood, 
prompted an investigation of cellulase activity in this form. It is the dual 
purpose of this communication briefly to report the existence of such an 
enzyme system and to describe some of the observed conditions of its 
activity in vitro. 


Methods 


Preliminary studies established that entire worms could be removed from 
their burrows into chilled sea water without serious immediate physiological 
consequences. If handled with reasonable care to avoid tissue damage, they 
will survive for many hours (4). When a sufficient number of animals had 
been assembled, tissues were removed from all for further study. To 
localize any activity which might appear, two tissue samples were initially 
collected; the first (“prececal’’) contained all the internal organs anterior 
to the capacious cecum, only the shell musculature and the appended 
shells being excluded; the second sample (‘‘postcecal’’) contained the ce- 
cum, some postcecal gut, gonad, and some shreds of mantle tissue. No 
attempt was made to assay the activity of the individual derivatives of the 
gut. In subsequent experiments only the tubular gut was employed since 
these preliminary observations suggested that maximal cellulase activity 
takes place there. 

The dissected tissues were homogenized in M/15 phosphate buffer, made 
isotonic with sea water by the addition of NaCl. Isotonicity was con- 
firmed by freezing point determinations. AZ’; of the final suspending me- 
dium was 2.06°; the medium was 0.620 m NaCl. A known quantity of 
tissue was used for each incubation, a similar quantity being set aside to 


* Contribution No. 96 from the Marine Laboratory, University of Miami. These 
studies were aided by a contract between the Office of Naval Research and the Uni- 
versity of Miami in cooperation with the United States Navy Bureau of Yards and 
Docks. 
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determine weight, moisture, and residual carbohydrate content. Tests 
were run at pH 5.0, 5.6, 6.7, and 7.6. Regenerated cellulose prepared by 
the method of Parkin (5) was the substrate. Bacterial growth was in- 
hibited by toluene. All the incubations were conducted at 25.0°. 

The rate of cellulose breakdown was determined by periodic analyses of 
the reducing substance present in the medium, corrected, of course, for 
that introduced in the homogenate. An aliquot of the incubation mixture 
was withdrawn and centrifuged to remove particulate material. The su- 
pernatant fluid was treated with 5 per cent (weight per volume) trichloro- 
acetic acid and recentrifuged. This supernatant fluid was freed of glyco- 
gen and salts by the addition of 1 volume of ethanol, and by centrifugation. 
The final supernatant fluid was analyzed for reducing sugar by the method 
of Park and Johnson (6), with either the Beckman model DU spectro- 
photometer or the Coleman model 6A spectrophotometer. The analysis 
of known glucose solutions by this procedure showed that the maximal 
error introduced by the manipulation did not exceed 2 per cent. 

Control incubations consisted of (1) suspending medium alone, (2) sus- 
pending medium plus regenerated cellulose, (3) heat-inactivated homog- 
enate alone, and (4) heat-inactivated homogenate plus regenerated cellu- 
lose. To assess the contribution of symbiotic microorganisms to the total 
cellulose-digesting ability of T'eredo, sea water nutrient agar containing 1 
per cent regenerated cellulose was inoculated with fresh tissue homogenate 
and incubated at 25.0°. 


RESULTS AND DISCUSSION 


There was no increase in reducing substance when gut homogenates 
which had been heated to 100° for 5 minutes were incubated with 1 per 
cent regenerated cellulose. No cellulose-digesting bacteria or Protozoa 
were found in the digestive system of Teredo. Some colonies appeared on 
plates of sea water nutrient agar inoculated with homogenates of ship- 
worm gut, but these colonies showed no cellulytic activity. 

In Fig. 1 is shown the relationship between pH and the conversion of 
cellulose to reducing substance by gut homogenates during a 24 hour incu- 
bation period. The two fractions differ qualitatively in their response to 
identical physical conditions. The conversion of cellulose to reducing sub- 
stance by prececal material appears independent of pH within the range 
studied. The postcecal fraction, on the other hand, shows maximal ac- 
tivity within the pH range 5.6 to 6.7. This regional difference in response 
suggests that more than a single enzyme may be involved in the total 
cellulose-digesting ability of this marine borer. It may be recalled that 
cellulytic enzymes of many fungi (7) also exhibit optimal activity under 
weakly acid conditions. 
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If these two segments of the digestive system are compared on the basis 
of their ability to convert cellulose to reducing substance at pH 5.6, then 
the postcecal portion of the gut appears to contain approximately twice 
the activity of the prececal segment. This may signify either that the 
enzyme is produced chiefly in the postcecal portion of the gut or that it is 














uJ cea. lee 

i 0.8} postcecal ° 

we 

O 

= 0.6 i 

O ap) g 

9 ” ong ai 

< +0,4- prececal 

o 

Oo Os. 

= 

foam 

. l 1 1 1 1 1 1 
5 6 7 8 


pH 


Fic. 1. Relationship between pH and formation of reducing substance (RS) by 
homogenates of the ship-worm gut. Substrate was 1 per cent regenerated cellulose 
in isotonic M/15 phosphate buffer. Concentration of dry, carbohydrate-free tissue 
was 0.48 mg. per ml. Analyses were made after 21 hours incubation. 
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I5 20 
HOURS INCUBATION 
Fic. 2. Effect of concentration of tissue on formation of reducing substance (RS) 
by homogenates of the postcecal gut of the ship-worm. (a) The concentration was 
0.48 mg. of dry, carbohydrate-free tissue per ml. of suspending medium; (b) the con- 
centration was 4.2 mg. of dry, carbohydrate-free tissue per ml. Substrate was 1 
per cent regenerated cellulose in isotonic m/15 phosphate buffer, pH 6.0. 
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secreted into the gut in the more anterior portions and is concentrated by 
differential absorption as the intestinal contents move posteriorly. 

It should be emphasized that no attempt was made to assay the wall of 
the gut separately from its contents, nor was the enzymic activity of gut 
diverticula determined separately. Therefore it is not possible to localize 
the site of enzyme elaboration with strict morphological precision. 

Fig. 2 illustrates the effect of tissue concentrations on the course of the 
incubation. The lower curve represents the activity of a mixture in which 
the concentration of tissue was approximately 10 times that represented 
by the upper curve. At higher concentrations of tissue there is evidently 
a greater concentration of inhibitory substances, or an enhanced rate of 
glycogenesis. Either or both of these factors would effectively conceal the 
true rate of cellulose breakdown. These factors are proportionately atten- 
uated in the experiments with lower concentration, which reveals the true 
rate of cellulysis. 


SUMMARY 


Ship-worm gut, homogenized in m/15 phosphate buffer made isotonic 
with sea water, has been shown to cause the liberation of reducing sugar 
from regenerated cellulose. This activity is destroyed by heat. The op- 
timal pH range for this reaction extends from pH 5.6 to 6.7. The activity 
of the postcecal portion of the gut is approximately double that of the 
prececal segment. Some evidence suggests that there may be more than 
a single enzyme involved in the total ability of the ship-worm to digest 
cellulose. 
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PREPARATION, PROPERTIES, AND CRYSTALLIZATION OF 
TUNA PEPSIN* 


By EARL R. NORRISt anp JAMES C. MATHIESt 


(From the Department of Biochemistry, University of Washington, Seattle, Washington, 
and the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, 
Detroit, Michigan) 


(Received for publication, April 27, 1953) 


Crystalline salmon pepsin was first prepared and studied in 1939 by 
Norris and Elam (1). Subsequently, halibut pepsin (2) and shark pepsin 
(3) were purified and characterized. In addition, the action of crystalline 
salmon pepsin on the synthetic substrates for swine pepsin was investigated 
by Fruton and Bergmann (4). These studies demonstrated that the gas- 
tric proteolytic enzymes of fish differ in crystal structure, specificity, and 
other properties from the crystalline pepsins of warm blooded animals 
studied by Northrop et al. (5). 

The present paper continues these investigations with a study of the 
pepsin of tuna, particularly the eastern Pacific yellowfin tuna Thunnus 
albacares (Bonnaterre). 


Methods 


Activity of the enzyme preparations was measured by the hemoglobin 
method of Anson (6). The pepsin unit (PU) and specific activity ([PU]ox 
are used as defined by the authors of the method, except that 25° units 
are used instead of 35.5° units.' To convert yellowfin tuna units to 35.5° 
values should be multiplied by 1.66. Conversion factors for bluefin and 
albacore were not determined. To use the Anson method, activity dilution 
curves must be determined for each enzyme. Such a curve was deter- 
mined for the gastric proteolytic enzyme of yellowfin tuna at 25° and is 
represented by the empirical equation, PU X 104 = 0.3067’ + 0.004 T? 


* Taken, in part, from a thesis presented by one of the authors (J. C. M.) as par- 
tial fulfilment of the requirements for the degree of Doctor of Philosophy, University 
of Washington, 1948. 

+t Deceased March 30, 1952. 

t Present address, Edsel B. Ford Institute for Medical Research, Henry Ford 
Hospital, Detroit, Michigan. 

1 A solution of crystalline swine pepsin, assayed by Northrop as 0.7 PU per ml., 
gave a value of 0.50 PU per ml. in our hands. Hence, a conversion factor of 7/5 
might be required to convert our activities to values comparable to those of North- 
rop. However, the extent to which this preparation may have lost activity during 
storage and shipment across the country is uncertain; consequently this correction 
was not applied. 
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+ 0.0002867°, where 7 represents the milliequivalents of tyrosine x 10! 
in 5 ml. of digestion filtrate. The equation is valid between the limits 
T = Oand T = 14. This curve was also employed in caiculating activities 
for bluefin and albacore tuna pepsins. 

Protein nitrogens were determined according to Herriott, Desreux, and 
Northrop (7) with slight modification. Determinations of pH were carried 
out by using a Beckman pH meter with the glass electrode. 

Preparation of Enzyme—The stomachs were removed from the fish in 
California, refrigerated, and shipped to Seattle, where they were washed 
and stored frozen. The final modification of the purification procedure 
follows. 

Extract 725 gm. of ground mucosa for 1 hour with 3 liters of distilled 
water and strain through gauze. Wash the residue with 500 ml. of dis- 
tilled water, titrate the combined extracts to pH 3 with n HCl, add 100 
gm. of filter aid, and filter the suspension with suction. Add 27 gm. of 
solid (NH,)2SO, per 100 ml. of enzyme solution and dissolve the salt with 
slow stirring; then add 30 gm. of filter aid to_the suspension and filter. 
Wash the cake with 0.44 saturated (NH4).SO, in 0.1 N acetic acid and then 
extract it with 750 ml. of 0.1 Nn HCl for 30 minutes. Filter and wash the 
cake with 150 ml. of 0.1 N HCl. Bring the filtrate to pH 3 to 4 with 4 m 
sodium acetate and add dropwise, with slow stirring, 54 ml. of saturated 
(NH,)2SO, solution per 100 ml. of enzyme solution. Filter the suspension 
on sintered glass and wash the cake with 30 ml. of 0.44 saturated (NH,).SO, 
in 0.1 N acetic acid. 

Crystalline enzyme could be obtained from solutions of this material 
when fresh mucosa of high enzymatic activity was employed. With less 
favorable starting material, the enzyme solutions obtained from this filter 
cake contained variable amounts of brown pigment, and the enzyme would 
not crystallize. Crystals were more readily obtained when the solution 
was decolorized with Norit, although there was some loss in total activity. 
The procedure for crystallizing the enzyme under such conditions continues 
as follows. 

Dissolve the cake in a minimum of 0.1 N HCl, add 1 gm. of Norit to the 
colored solution, stir slowly for 30 minutes, and filter. Bring the solution 
to pH 4 with 4 m sodium acetate, and add 54 ml. of saturated (NH,).SO; 
solution per 100 ml. of enzyme solution as above. Filter and wash the 
filter cake as before, dissolve the cake in a minimum of 0.1 N HCl, and 
adjust to pH 4.6 and then to 40°. Add just enough 0.1 M acetate at pH 4.6 
to dissolve the precipitate and allow it to cool slowly to 5° with stirring and 
occasional seeding. The material can be recrystallized by solution in 0.1 
N HCl and then repeating the above procedure. At times the Norit treat- 
ment may have to be repeated with more impure preparations. 
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RESULTS AND DISCUSSION 


Fig. 1 gives photomicrographs of crystals of the gastric proteolytic en- 
zyme obtained from yellowfin tuna, bluefin tuna (Thunnus thynnus), and 
albacore (Thunnus germo). All three enzymes crystallized in the form of 
fine needles, and therefore resemble salmon pepsin and differ from swine 
and bovine pepsin in this respect. 





Fig. 1. Crystalline tuna-fish pepsins (220 X). (a) Yellowfin; (b) albacore; (c) 
bluefin. 
TaBLeE I 
Specific Activities of Some Purified Pepsins 


| Biblio- (pujHb 
Source State — FR a 
| Rueetl ae | At 3s.s° 

Yellowfin tuna...... | Crystalline | 0 .39-0.42 | 0.65-0.70 
Bluefin tuna.......... “ | | 0.42 
PRSUU DES = on Fe itn Gere | Amorphous | (2) | 0.39-0.43 | 0.43-0.47 
SHIMON. 6 asain | Crystalline | (1) | 0.19-0.22 | 0.29-0.32 
ee eee D Amorphous | (3) | 0.21-0.23 | 0.29-0.32 
hh) (ee eee eee, | Crystalline | (5) 0.11-0.17 | 0.20-0.30 

le ...eee.......| Fractionated, crystalline | (8) | 0.66 
BOVING@§-<i.iea Sones ss Crystalline | (9) | | 0.19 


Specific activities of some pepsins are given in Table I. Values for spe- 
cific activity are calculated from data obtained at pH 1.6 for comparative 
purposes, although this pH value is farther from the optimum for fish pep- 
sins than it is from that for mammalian pepsins. The crystalline tuna en- 
zymes have the highest activity per mg. of protein nitrogen of any pepsins 
reported. 

Early attempts at purification indicated that the solubility of yellowfin 
tuna pepsin was less than that of other pepsins. A study of solubility in 
ammonium sulfate solutions showed that the enzyme was almost entirely 
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precipitated at 0.35 saturation at a pH of 3. These were the conditions 
adopted for its purification. Higher concentrations of this salt would ap- 
pear to be required for precipitation of most other pepsins. 

Alkaline extraction of gastric mucosa was used in the preparation of 
salmon pepsin (1) and halibut pepsin (2). However, as an alkaline extract 
of the gastric mucosa of yellowfin tuna was nearly inactive, alkali inactiva- 
tion of the enzyme and its zymogen was studied (Fig. 2). Inactivation of 
crystalline swine pepsin and the swine zymogen was also determined and is 
shown for comparison. Alkali inactivation was measured by placing a 
sufficiently concentrated solution of the enzyme in a 0.1 m buffer solution of 
the desired pH for 10 minutes at 25°, and then pipetting an aliquot into 0.1 
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Fia. 2. Alkaline inactivation of swine pepsin, O; yellowfin tuna pepsin, @; an 
equal mixture of swine and yellowfin tuna pepsin units, @; zymogen from yellowfin 
tuna gastric mucosa, X; neutral extract of swine gastric mucosa, A; and a neutral 
extract of albacore gastric mucosa, 0. The abscissa indicates the pH of inactiva- 
tion, while the ordinate gives the per cent of the initial activity remaining after 
inactivation for 10 minutes at 25°. 


M acetic acid and determining the remaining peptic activity by the hemo- 
globin method. Yellowfin tuna pepsin is more stable to alkali than swine 
pepsin. That there is a significant difference in the stabilities of the en- 
zymes is shown by the curve obtained with a solution containing an equal 
concentration of swine and yellowfin tuna units. 

The data indicate the presence of an alkali-stable form, presumably 
pepsinogen, in the gastric mucosa of the yellowfin and albacore. Stability 
of these zymogens appears to be less than that of swine pepsinogen between 
pH 8 and 9. This possibly explains the lack of success when alkaline ex- 
traction was used in the purification. Use of fresh mucosa, which was not 
available to us, might give more conventional results. 

Heat inactivation of the enzyme was also studied. The conditions of 
inactivation were 5 minutes of heating at a pH of 2. 50 per cent inactiva- 
tion was obtained at 56° for the yellowfin enzyme, while swine pepsin under 
the same conditions gave 50 per cent inactivation at 63°. Thus yellowfin 
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tuna pepsin is somewhat more heat-labile than crystalline swine pepsin 
under these conditions. However, tuna pepsin was so stable at 5° and at 
room temperature that no change in activity could be observed for a period 
of several days over a wide pH range. 

In order to study the relation between pH and stability conveniently, 
measurements were made at 45°. Table II shows that yellowfin tuna pep- 
sin was very stable between pH 3 and 5. This pH range is, therefore, op- 
timal for preparation and storage of the enzyme. 

Temperature optimum and Qj values were determined over a tempera- 
ture range of 5-55°. The procedure was essentially to determine peptic 
activity at various temperatures. Although fish are cold blooded and live 
at low temperature, the observed apparent optimal temperature for enzyme 
activity was near 42°. (yo values obtained for each temperature range were 
5-15°, 2.4; 15-25°, 2.0; 25-35°, 1.7; 35-45°, 1.2; and 45-55°, 0.15. 


TABLE II 
Stability of Yellowfin Tuna Pepsin at Various pH Values at 45° 
The values are given in per cent; pH measured at 25°. 





1.42 pH |2.16 pH |3.26 pH |4.06 pH |4.90 pH |5.93 pH |6.91 pH 


Activity remaining after 40 min.....| 18 93 100 97 95 82 0 
as es fC SG Hrse...|) 2 68 100 | 95 95 65 





Variation in activity of fish gastric enzyme with pH has been shown to 
be strongly influenced by the salt or electrolyte concentration (1-3). In 
the absence of salts, yellowfin tuna pepsin gave a pH-activity curve with 
two optima. The presence of buffer salts increased the activity of the 
enzyme and gave a curve with a single optimum. Under the latter condi- 
tions, the optimal pH observed was approximately 2.5 for the hydrolysis 
of hemoglobin. 

The pH of minimal solubility or apparent isoelectric point was deter- 
mined by dissolving the enzyme in a minimal volume of 0.1 N HCl and 
titrating the solution to various pH values with 4 m sodium acetate. The 
suspension at each pH value was centrifuged and the peptic activity deter- 
mined on the supernatant fluid. In one run the procedure was reversed, 
and the enzyme was suspended in M acetate buffer of pH 5.5 and titrated 
to the desired pH values with 4 m HCl. Similar curves were obtained 
which gave a minimal solubility at pH 3.8 + 0.25 in the presence of acetate 
buffers. 

Digestion of hemoglobin (Table III) or crystalline ovalbumin by either 
swine pepsin or yellowfin tuna pepsin to equilibrium values, followed by 
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treatment with the other enzyme, gave no additional digestion. Diges- 
tion of edestin by bluefin tuna pepsin was as extensive as with swine pep- 
sin (Table IV). Yet both yellowfin and bluefin tuna pepsins attacked 
zein extremely slowly if at all, although this protein was readily split by 
swine pepsin under the same conditions. This suggests a difference in the 


Taste III 
Digestion of Hemoglobin by Yellowfin Tuna Pepsin and Crystalline Swine Pepsin 





| Digestion time 























Conditions* 0.96 day | 3.71 days | 7.58 days | 13.5 days 
Amino N liberated per ml. digestt 
i mg. még. mg. mg. 
Digest brought to 4 mg. % swine pepsin N at 0) 
MRNAS osteo A hcl ec teh Fos caupisiacdiaiwiites waves 0.70 1.06 
Concentration increased to 8 mg. % swine pepsin 
TRESS Tie 1S De gpeae ae aU ae aa 1.06 1.16 1.29 
Digest divided into parts at 7.58 days. Concen- 
tration of Ist part increased to 12 mg. % 
TE 2) 1.16 1.28 
Concentration of 2nd part heat-inactivated and 
brought to 4 mg. % tuna pepsin N........... 1.16 1.27 





* The substrate was 5 per cent bovine hemoglobin at a pH of 2.0; the digestion 
was carried out at room temperature. When this experiment was repeated, the or- 
der of enzyme addition being reversed, essentially similar results were obtained. 

t+ Manometric determination of amino nitrogen (10). 


TaBLe IV 
Peptic Hydrolysis of Zein and Edestin 





| | Amino N liberated 
Source of pepsin Pepsin N per digest Digestion time per ml. digest 
| | | filtrate* 
| 1 





Digest, 100 ml. of 5 per cent suspension of zein at pH 2 and room temperature 





| mg. | days | mg. 
Yellowfin tuna................... | 3.0 | 9 0.05 
EE TT eee Ee 3.0 | 9 0.05 
NOUREREI TC N87 | 1.5 9 0.72 





Digest, 100 ml. of 5 per cent solution of edestin at pH 2 and room temperature 





| 
5 11 0.86 
5 | 11 0.80 





* Manometric determination of amino nitrogen (10). 
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specificities of these enzymes. The extent to which the low solubility of 
zein contributed to the observed differences was not determined. Differ- 
ences in the action of swine pepsin and yellowfin tuna pepsin in the initial 
phases of hemoglobin digestion were also detected. Attempts to determine 
the optimal concentration of substrate for swine and tuna pepsin acting on 
bovine hemoglobin gave increasing digestion with increasing substrate con- 
centration, as measured by amino nitrogen liberation in the total digest (Fig. 
3, A). Using the Anson (6) procedure under essentially similar conditions, 
however, gave results indicating differences in the manner of attack of 
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Fra. 3. The action of swine (©) and yellowfin tuna pepsin (@) on various con- 
centrations of hemoglobin, as measured by amino nitrogen liberation (A) and by the 
Anson procedure (B). A 60 minute digestion period was required in A and aliquots 
of the whole digest were analyzed, while the usual 10 minute digestion period was 
employed in B and trichloroacetic acid filtrates were analyzed. The pH values of 
the digests were 1.6 to 1.7 for all except the yellowfin tuna curve in B, which was 
carried out at pH 2.5. In this latter case, identical results were obtained at pH 1.6. 
Activity is given in arbitrary units (ordinate), while the per cent hemoglobin in the 


substrate (the digest equals 5 ml. of substrate plus 1 ml. of enzyme) is indicated on 
the abscissa. 


swine and yellowfin tuna pepsin (Fig. 3, B). It was only in the region of 
low substrate concentration that these differences were evident. Since 
adsorption of hydrolytic products on the hemoglobin precipitated at the 
end of the digestion appeared to be a factor in this assay, the curves ob- 
tained should he considered only in the light of their qualitative differences. 


SUMMARY 


A procedure was developed for the purification and crystallization of 
yellowfin tuna (Thunnus albacares), bluefin tuna (Thunnus thynnus), and 
albacore (Thunnus germo) pepsins. These pepsins were found to crys- 
tallize in needles having a specific activity higher than that of other puri- 
fied pepsins isolated to date. Solubility, alkaline inactivation, stability, 
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heat inactivation, temperature optimum, pH optimum, and apparent iso- 
electric point of yellowfin tuna pepsin were studied. Some possible differ- 
ences were observed in the mode of proteolytic activity between the pepsins 
from tuna and the pepsin from swine. 


Tissues used in this study were obtained through the courtesy of the 
Van Camp Laboratories, Terminal Island, California. A glycerol solution 
of standardized pepsin was kindly furnished by Dr. J. H. Northrop to make 
a comparison of activity units possible. The advice of Dr. Reeve M. 
Bailey on the naming of the yellowfin tuna is gratefully acknowledged. 
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EVALUATION OF CATABOLIC PATHWAYS OF GLUCOSE IN 
MAMMALIAN SYSTEMS 


By BEN BLOOM,* MARJORIE R. STETTEN, ann DEWITT STETTEN, Jr. 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York) 


(Received for publication, April 23, 1953) 


Earlier studies from this laboratory have shown that free gluconic acid 
is extensively oxidized to CO, and converted in part to glucose by the 
intact rat. The production of free gluconic acid, however, could not be 
detected (1). The major pathway of gluconate catabolism involves de- 
carboxylation at carbon atom 1 and utilization of the residue of the mole- 
cule for glucogenesis (2). Reduction of gluconate to glucose proved to be 
a very minor process. These findings are consistent with the view that 
gluconic acid, presumably after phosphorylation, enters that series of re- 
actions referred to as the “‘oxidative’”’ pathway of glucose utilization (3-5). 
The existence in many biological systems of such a pathway, which is dis- 
tinct from that usually referred to as the glycolytic or Embden-Meyerhof 
scheme, has recently attracted much attention. This alternative ‘oxi- 
dative” route, variously known as the Warburg-Dickens-Lipmann path- 
way or the ‘hexose monophosphate shunt” involves the intermediate 
occurrence of 6-phosphogluconate and presumably 3-keto-6-phosphogluco- 
nate, followed by decarboxylation, to yield CO, and 5-phosphoribulose 
(6). Clearly the sequence in which the several carbon atoms of glucose 
appear as CO: in a respiring system will be quite different if the “oxidative” 
rather than the glycolytic scheme is operative. 

In the hope of gaining information as to the occurrence and extent of a 
non-glycolytic pathway of glucose utilization in the intact mammal and in 
tissues derived from it, experiments have been performed in which the 
yields of CO: from glucose-U-C" and glucose-1-C" have been compared.! 
Intact rats, rat liver and kidney slices, and rat diaphragm sections have 
been studied in this regard. 

The glycolytic scheme yields, as intermediate products of glucose catabo- 
lism, 2 molecules of pyruvate or lactate in which carbon atoms 1, 2, and 3 
correspond to glucose carbon atoms 3 and 4, 2 and 5, 1 and 6 respectively. 
Experiments parallel to those with glucose have therefore been carried out 
in each biological system with lactate-1-C", lactate-2-C™, and lactate-3-C™“ 

* Postdoctoral Fellow of the Atomic Energy Commission. 


' Glucose uniformly labeled in all positions with C" is here referred to as glucose- 
U-C, 
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as substrates. The data collected from these latter experiments have been 
used to compute the ratio of the yields of U“O, anticipated from the two 
glucose-C™ samples on the assumption that the glycolytic scheme alone is 
operating. From the variations between ratios actually procured from the 
two species of glucose-C and those calculated from the lactate data, it 
has been possible to estimate the maximal contribution of the glycolytic 
scheme in the over-all conversion of glucose to COz. 


EXPERIMENTAL 


Isotopic Compounds—v-Glucose-U-C™ (Nuclear Instrument and Chem- 
ical Corporation) and p-glucose-1-C' (National Bureau of Standards) were 
diluted with non-isotopic glucose and recrystallized from aqueous alcohol. 
Uniformly labeled gluconate-C" and gluconate-1-C™ were the preparations 
previously described (2). Lactate-3-C' was prepared from sodium propi- 
onate-3-C% (Oak Ridge National Laboratories). This last material was 
acidified, and the propionic acid distilled and brominated in the a position 
(7). The resultant a-bromopropionic acid-3-C" was hydrolyzed with ZnO 
(8) to give zinc lactate-3-C™ trihydrate. The authors are indebted to Dr. 
Frank Eisenberg, Jr., for this preparation. The hydrated zinc lactate-1- 
C™, lactate-2-C" (both purchased from the Oak Ridge National Labora- 
tories), and lactate-3-C", dl in each case, were converted to the free acids 
by treatment with cation exchange resin (Amberlite IR-120) and then, 
after dilution with non-isotopic lactic acid, the solutions were titrated, 
while hot, to pH 7.4 with NaOH. Alternatively, radioactive zinc lactate 
was suitably diluted gravimetrically with non-isotopic zinc lactate and 
converted to sodium lactate by passage through a cation exchange column 
previously treated exhaustively first with NaCl solution and then with 
H,0. The C" contents of the substrates and of isolated samples were 
determined by methods previously described (1). 

Experiments with Intact Rats—Two male rats of the Sherman strain, 
maintained on Purina chow offered ad libitum during and between experi- 
ments, were used. Rat I increased in weight from 220 to 330 gm. during 
the successive administrations of glucose-1-C", glucose-U-C", gluconate-1- 
C™, uniformly labeled gluconate-C", lactate-1-C™, lactate-2-C™, and lac- 
tate-3-C“. Rat II weighed between 303 and 355 gm. during the experi- 
mental period. Experiments with the three species of isotopic lactate and 
duplicate studies with the two preparations of isotopic glucose were con- 
ducted with this animal. In each experiment either 200 yum of radioactive 
glucose or gluconate or 13.4 um of radioactive lactate per 100 gm. of rat 
were given by intraperitoneal injection in a volume of 2 ml. of water. 
The total counts per minute injected ranged between 170,000 and 385,000. 
A period of at least 3 days was allowed between successive injections, during 
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which time the radioactivity of the expired CO, and excreted urine fell to 
background values. Immediately after each injection the rat was placed 
in a desiccator equipped for quantitative collection of CO, and urine as 
previously described (1). Expired CO: was collected for 24 hours, samples 
being taken at hourly or half hourly intervals for the first 6 hours. Urine 
was collected for a 24 hour period after injection of each radioactive com- 
pound. 

Tissue Preparations—Male rats of the Sherman strain were maintained 
on Purina chow. 3 to 4 days prior to sacrifice, a diet was offered ad libitum 
containing 60 per cent of glucose, 22 per cent of casein, 6 per cent of salt 
(Osborn-Mendel Salt Mixture I?) and 12 per cent of roughage,* to which 
2.2 gm. of vitamin mixture (9) had been added per kilo of diet. The rats 
were sacrificed by fracture of the cervical vertebrae and the desired tissues 
removed and placed in chilled bicarbonate buffer. Liver and kidney slices 
were prepared with a Stadie-Riggs tissue slicer. The diaphragms, freed of 
the central tendon and extraneous tissues, were divided into two or three 
approximately equal sections. Tissue samples were blotted free of excess 
liquid with filter paper and weighed on a torsion balance. Each tissue 
from a given rat was so divided among several flasks that the weights of 
tissue in each flask agreed within +5 mg. 

Incubation Procedures—The final volume of the incubation medium was 
in all cases 5.5 ml. This consisted of 4 ml. of a bicarbonate buffer solution 
previously saturated with 95 per cent O2-5 per cent CO» gas mixture. To 
this were added 1.5 ml. of an aqueous substrate solution, adjusted with 
NaOH to pH 7.4, containing 50 um each of glucose, gluconate, lactate, and 
acetate, one of which, in a given flask, was isotopic. The total radio- 
activity per flask ranged from 3000 to 18,000 c.p.m. The ionic composi- 
tion of the buffer was adjusted so that the final medium simulated Krebs- 
Ringer bicarbonate buffer, as described by Umbreit ef al. (10), with the 
exceptions that the final Nat concentration was 165 instead of 143 and the 
Cl- concentration was 123 instead of 128 m.eq. per liter. The incubation 
vessel was a 50 ml. heavy walled Erlenmeyer flask (Fig. 1, A) provided with 
a tightly fitting serum stopper (B) from which a 1.5 ml. well (C) containing 
a roll of filter paper (D) was suspended by a glass.rod. To obtain a gas- 
tight closure, it was found convenient to freeze the serum stopper in ace- 
tone-dry ice and drill the hole for the glass rod with a drill press. The 
incubation medium was prepared by delivering 1.5 ml. of substrate solution 
and 4 ml. of buffer into the incubation flask, which was immediately swept 
with 95 per cent Ov-5 per cent CO» gas mixture and closed with the serum 
stopper bearing its well. The flask was then placed in a constant tempera- 


2 Obtained from the Fisher Scientific Company, New York. 
’ Alphacel, Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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ture bath at 37.8° and shaken for the selected time, 1.5 or 3 hours. At the 
end of the incubation period 0.5 ml. of 30 per cent KOH solution was 
injected with a syringe (#) through the cap into the well, and in a like 
manner the medium was acidified with 0.25 ml. of 5 N H2SO, to stop the 
reaction and liberate CO. from the buffer. The flask was again shaken for 
1 hour to permit complete absorption of CO. by the KOH in the well (11). 
At this time the well was removed from the flask, detached from the cap, 
and the well, KOH, and filter paper were placed in a stoppered cylinder 
containing 10 ml. of water. Aliquots of this solution were used for deter- 
mination of the total amount of CO, and of radioactivity. 








Fig. 1. The flask and accessories used in tissue experiments. See the text for 
details. 


RESULTS AND DISCUSSION 


It is convenient, in treating the results of these experiments, initially to 
consider the relationships which obtain if glycolysis is an obligatory first 
step in glucose breakdown. Under these circumstances each molecule of 
glucose catabolized may be taken as formally equivalent to 2 molecules of 
lactic acid. In this lactic acid carbon atoms 1, 2, and 3 correspond, re- 
spectively, to glucose carbons 3 and 4, 2 and 5, 1 and 6. From these con- 
siderations, certain mathematical relationships may be predicted in regard 
to the radiochemical yields‘ of CO. from the substrates employed. 


4 Radiochemical yield, for purposes of the present paper, is defined as (total counts 
per minute recovered in the product isolated)/(total counts per minute in the sub 
strate employed) X 100. 
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For any particular set of experimental conditions, let 


a 
b 
c 
d 
e 


= radiochemical yield of CO, from glucose-U-C™ 
= “ ce “cc “oe “cc glucose-1-C4 
= “ec ee “cc “cc sc lactate-1-C™4 
= ‘6 rT; 66 ‘6 “  Jactate-2-C™ 
a 6“ “ce 6c “cc “  lactate-3-C™ 


Then 
a@_ 2 + 2d + 2¢ 
." 6e 
_ 2c/e + 2d/e + 2 
si 6 
Let 
‘.¢ Sam Sax 
b e e 
Then 
_ 2N + 2T +2 
i! 6 
N+T7+1 
ieee: a w 


From this it follows that, if the sole pathway from glucose which results 
in COz production is via glycolysis, the ratio of radiochemical yields of 
CO. from uniformly labeled and 1-labeled glucose, U, can be predicted by 
Equation 1 from experiments in which lactate is the labeled substrate. 
Subject to this condition the value of this ratio determined experimentally, 
a/b, with glucose-U-C" and glucose-1-C* as substrates, will be equal to the 
predicted value, (V + T + 1)/3. 

It should be noted that certain assumptions have been made in the above 
derivation. It is assumed that the pyruvate generated from lactate is 
treated in the same fashion by the cells as the pyruvate formed from 
glucose. It is also assumed that the time necessary for the initial satura- 
tion of metabolic intermediates with C™, and the consequent delay in C“O, 
production, is negligible. Such a time lag, in so far as it occurs, renders 
conclusions drawn from data collected in early intervals of time less reliable. 
It is further assumed that the generation of CO, is at no time limited by 
paucity of substrate. Should depletion of substrate limit the rate of its 
utilization, conclusions drawn from late data would be less reliable. 

In Tables I and II are given the results of experiments with two intact 
rats in which expired CO: was collected at different times. Both rats were 
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studied after injection of each preparation of glucose and of lactate, and 
Rat I was also investigated after injection of uniformly labeled gluconate- 
C" and gluconate-1-C'*. In experiments with Rat II (Table II) duplicate 
studies with glucose-C'* were carried out, with good agreement. From the 
cumulative radiochemical yields of C“O: after administration of the sev- 
eral lactates (c, d, and e), the quantity (V + T + 1)/3 has been calculated 
and may be compared with the value of U, a/b, as determined from glu- 
cose studies at each time interval. It will be seen that the value of U 


TABLE I 
Conversion of Glucose-C'4 and Lactate-C'4 to C'4O, by Normal Rat I 
A norma] rat was given 200 uM of glucose or 13.4 uM of lactate per 100 gm. of rat 
by intraperitoneal injection. 






































Cumulative radiochemical yield in expired CO2 from | Ratios of radiochemical yields 
Time elapsed aera Sa ae 
Glucose-U-|Glucose-1- |Lactate-1- |Lactate-2- |Lactate-3- N+T+1 
cu cu cu cu cu N i 3 U 
(a) (b) (c) (d) (e) (c/e) | (d/e) (a/b) 
hrs per cent | percent | percent | percent | per cent 
0.5 40.5 22.8 16.8 | 2.42 | 1.36 1.59 
1 25.5 16.3 64.5 43.6 30.4 | 2.12 | 1.48 1.52 1.56 
1.5 73.5 53.4 39.5 1.86 | 1.35 1.40 
2 | 47.5 35.5 77.3 58.6 45.2 | 1.71 | 1.30 1.34 1.34 
3 | §8.2 46.3 80.5 64.0 52.4 | 1.54 | 1.22 1.25 1.26 
4 | 63.9 §2.1 81.7 66.5 55.8 | 1.46 | 1.19 1.22 1.23 
5 | 66.6 56.5 82.9 67.9 58.0 | 1.43 | 1.17 1.20 1.18 
6 | 68.2 59.8 83.7 69.0 59.7 | 1.40 | 1.16 1.19 1.14 
24 | 77.7 72.9 86.1 75.0 65.1 1.32,| 1.15 1.16 1.07 
Recovery of C' in urine 
Meten 1aiee tal TiC], Osa. ETc fis ] | 
24 | ke ae ee | 


determined directly and that calculated by Equation 1 are in fact in good 
agreement for all points in time, supporting the view that, of the CO, 
derived from glucose in the body of the intact rat, the major portion arises 
via glycolysis. It should be noted that each of the ratios, N, 7, and U, 
approaches unity with the passage of time and indeed should attain unity 
when all of the administered isotopic substrate has been oxidized to COs. 
The urinary losses of C'* were small in these experiments. 

In Fig. 2 are plotted the cumulative yields of C“O, obtained from Rat I 
after injection of each of the seven isotopic test materials. Of interest is 
the fact that, whereas more rapid elimination of CO» follows the injection 
of glucose-U-C™ than of glucose-1-C', the reverse is true with gluconic 
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acid. This latter result is in agreement with previously published findings 
(2). This contrast between glucose and gluconate points up the different 
fates of these two sugars. Whereas preferential decarboxylation at posi- 
tion 1 is the major metabolic fate of the carbon chain of gluconate, such a 


TaBLeE II 
Conversion of Glucose-C'4 and Lactate-C'4 to C4O. by Normal Rat II 


A normal rat was given 200 um of glucose or 13.4 uM of lactate per 100 gm. of rat 
by intraperitoneal injection. Duplicate experiments were carried out on the same 
rat with glucose. 





Cumulative radiochemical yield in expired CO2 from Ratios of radiochemical yields 






































Time elapsed | may aa | 
Glucose-U-|Glucose-1- |Lactate-1- |Lactate-2- |Lactate-3-| yy | N+T +1 U 
cu cu cu Cu cu | 3 
(a) (b) (c) (2) (e) (c/e) | (d/e) | (a/b) 
hrs. percent | percent | percent | percent | per cent | 
1 20.2 13.4 66.2 45.3 31.2 | 2.12|1.45| 1.52 | 1.51 
22.3 14.6 | | 1.53 
2 40.4 34.2 81.4 61.0 47.7 | 1.71 | 1.28 | 1.33 | 1.18 
42.5 35.5 1.20 
3 50.1 45.0 84.8 66.4 54.8 | 1.55 | 1.21 | 1.25 | 1.11 
51.4 | 46.2 | | | 1.11 
4 55.5 51.1 | 86.0 69.1 58.0 | 1.48 | 1.19} 1.22 | 1.09 
55.6 | 51.9 1.07 
5 60.6 | 55.1 | 86.9 | 70.6 | 60.1 | 1.45/ 1.18} 1.21 | 1.10 
59.4 55.1 1.08 
6 63.3 57.8 87.5 71.8 61.6 | 1.42) 1.16} 1.19 | 1.10 
63.0 | 58.0 | 1.09 
24 73.4 69.3 91.1 76.9 69.0 | 1.82 | 1.12; 1.15 | 1.06 
73.8 70.9 | | 1.04 
Recovery of C" in urine 
4 | 28] 3.5 | 38 | 54 | 3.8 | | 
| 2.8 3.5 | | | 











reaction is involved at most to a minor extent in the catabolism of glucose 
in the intact rat. 

The results of experiments in which sections of rat diaphragm were in- 
cubated with the labeled substrates are given in Table III. From the 
values of a and b, U has been calculated and may be compared with (N + 
T + 1)/3 computed from the experiments with lactate-C™ (c, d, and e). 
As in the case of the intact rat, reasonably good agreement is to be noted 
between the averages of these two values both at 1.5 and at 3 hours. The 
findings with diaphragm sections, like those with intact rats, conform with 
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the prediction implicit in Equation 1 and lend support to the validity of the 
assumptions upon which this equation was based. The present data yield 
little evidence for the occurrence of a pathway other than glycolysis for 
the utilization of glucose in the intact rat or in diaphragm. As was the 
case with intact rats, the values of N, 7, and U approach unity with the 
passage of time in the in vitro experiments. 
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Fie. 2. Cumulative radiochemical yields of expired C“O2. The cumulative radio 
chemical yield of CO, expired by Rat I after injection of lactate-1-C™, lactate-2- 
C4, lactate-3-C', glucose-1-C"4, glucose-U-C4, gluconate-1-C™, and uniformly labeled 
gluconate-C" has been plotted against time in hours. The gluconate values have 
been corrected for the large losses of radioactivity in urine observed after injection 
of this material. Urinary losses following the injection of the other materials were 
small and no correction has been applied. 


The results of analogous experiments with rat kidney slices are given in 
Table IV. With this tissue, after 3 hours of incubation, an average value 
of U, 1.15, is judged to be significantly lower than the value of (V + T 
+ 1)/3, 1.52. Such a difference is not apparent from the values collected 
at 1.5 hours. 

The results of experiments with liver slices are given in Table V. The 
radiochemical yields of CO. from the three species of lactate (c, d, and e) 
are in essential agreement with those reported for a similar system by Felts 
et al. (9). It is noteworthy that in liver the value of N, the ratio of radio- 
chemical yields from lactate-1-C™ and lactate-3-C", is approximately twice 
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as high as the corresponding values obtained from other tissues. This is 
probably a reflection of the fact that the 2-carbon residue resulting from 
decarboxylation of pyruvate is utilized for synthetic processes, e.g. fatty 
acid synthesis, etc., to a larger extent in liver than in other organs. 

The value of (V + T + 1)/3 is in all individual experiments with liver 


TaBLe III 
Conversion of Glucose-C and Lactate-C'4 to CO. in Vitro by Diaphragm Sections 
Diaphragm sections were incubated with 5.5 ml. of bicarbonate buffer containing 
50 um each of glucose, gluconate, lactate, and acetate. The location of the isotope 
in the labeled substrate is indicated below. Radiochemical yields of CO, are 
calculated per 500 mg. of tissue. Each flask actually contained 60 to 90 mg. of 
tissue. 





Radiochemical yield in Radiochemical yield in CO2 from | 








Rat pres! CO: from glucose Rat a lactate IN Oe te 
No. 7) : | No. -) ; ees) . 
= | U-C# | 1-CH U | S| 1c | 2c" | 3cu]) N | T 
() | @) | C7) | (© |@ | © | @ | we 
1.5 hr. incubation period 
: gm. | per cent per cent | | gm. \per cent |per cent |per cent | 


34 120 | 2.18 | 1.36 | 1.60 39 130/| 15.9 | 12.0 | 8.10 1.96 | 1.48 | 1.48 
35 | 110 | 2.54 | 1.79 | 1.42 | 40 | 145 | 19.2 | 12.5 | 8.12 | 2.36 | 1.54 | 1.63 
36 110 1.84 1.30 1.42 | 41 115) 9.9| 7.56 5.16 1.92 1.47) 1.46 
(43 145 13.7 oo 6.72 2.04) 1.65 1.56 


Average | 2.19 | 1.48 1.48) | 14.7 | 10.8 | 7.03 | 2.07 | 1.54 | 1.58 


3 hr. incubation siissente 


17 | 220 | 4.88 | 4.07 | 1.20 | 22 | 230 | 32.8 | 21. 3 | 15. 


4 | 1.38 | 1.50 

21 | 220 | 4.73 | 4.55 | 1.04 | 23 | 230 | 29.7 | 21.6 | 21.4 | 1.39 | 1.01 | 1.18 
26 | 130 | 7.12 | 5.21 | 1.37 | 27 | 170 | 35.3 | 24.9 | 21. 7 | 1.63 | 1.15 | 1.26 
28 | 160 | 5.92 | 4.65 1.27 | 31 | 175 | 34.0 | 26.0 | 17.6 | 1.93 1.48 | 1.47 
37 | 130 | 38.5 | 24. 9 22.5) 1.71 1.11 | 1.27 

Average | 5.66 | 4.62 | 1.22 84.1 | 23.7 19.7 1.76 | 1.23 | 1.33 


slices and at both time intervals strikingly higher than the experimentally 
determined value of U (Table V). This finding is clearly not in accord with 
Equation 1 and indicates that one or more of the conditions upon which 
this equation was based do not hold in this system. The fact that U, the 
ratio of radiochemical yields of C“O. from glucose-U-C" and glucose-1-C, 
is consistently less than unity with liver slices shows the existence of a 
pathway whereby, in contrast to glycolysis, carbon atom 1 of glucose ap- 
pears as CO, preferentially. This pathway might well be the so called 
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“oxidative” route or hexose monophosphate shunt. Whereas many path- 
ways other than the glycolytic route may exist for the degradation of glu- 
cose, this is the only alternative pathway for which a substantial body of 
evidence exists to date. Too little is known about the mechanism of this 
or any other alternative pathway to permit the derivation of precise rela- 


TaBLe IV 
Conversion of Glucose-C'4 and Lactate-C4 to C4O. in Vitro by Kidney Slices 
Kidney slices were incubated with 5.5 ml. of bicarbonate buffer containing 50 
um each of glucose, gluconate, lactate, and acetate. The location of the isotope in 
the labeled substrate is indicated below. Radiochemical yields of CO» are calcu- 
lated per 500 mg. of tissue. Each flask actually contained 70 to 120 mg. of tissue. 























| | Radiochemical yield in | | | ellie yield in CO2 from 
Rat | = | CO: from glucose Rat | = lactate IN+T+1 
i l= (ae ence al as ——— No. | = | SB Aer = ee a er 
} = | u-ce) ice | ov | =) 1c | 2ce] sce] nv | 5 
| @ | & | @)|) | @) | @ | © | Ge | Ge) 
1.5 hr. incubation period 
| em [re cent |per cent| || gm. [per cent ‘per cent ‘per cent | 
| | | | | | 
22 | 230 | 1.60 | 1.29 | 1.24 | 39 | 130 | 41.5 | 25.9 | 17.8 | 2.33 | 1.46 | 1.60 
23 | 230 | 2.39 | 1.20 | 1.99 | 40 | 145 | 39.3 | 27.8 | 17.0 | 2.31 | 1.63} 1.65 
24 | 290 | 2.18 | 1.38 | 1.58 | 41 | 115 | 48.0 | 21.5 | 16.2 | 2.96 | 1.33) 1.76 
25 | 200 | 2.48 | 1.70 | 1.46 | 43 | 145 | 40.3 | 27.1 | 15.9 | 2.53 / 1.70] 1.74 
32 | 250 | 2.36} 1.76} 1.34] | | | | | 
a be ee eee ee et = ||ee a ee 
| | | 
Average | 2.20 | 1.47 | 1.52 | | 42.3 | 25.6 | 16.7 | 2.53 | 1.53 | 1.69 
3 hr. incubation period 
17 | 220 | 5.30 | 4.85 | 1.09 | 14 | 200 | 88.0 | 54.6 | 38.4 | 2.29 | 1.42 | 1.57 
19 | 350 | 5.77 | 5.08 | 1.14 | 15 | 195 | 77.5 | 42.0 | 33.6 | 2.31 | 1.25 | 1.52 
20 | 305 | 5.13 | 4.17 | 1.23 | 21 | 220 | 77.3 | 57.5 | 39.1 | 1.98 | 1.47 | 1.48 
25 | 290 | 6.09 | 5.05|1.21; | | | | | | 
32 | 250|5.52|5.23/1.00| | | | | 
| | pa 


Average | 5.56 | 4.88 | 1.15 | 80.9 | 51.4 | 37.0 | 2.19 | 1.38) 1.52 
tionships. It is possible, however, to define and describe mathematically 
two limiting cases. If carbon atom 1 of glucose contributes to CO, and the 
remaining carbon atoms 2, 3, 4, 5, and 6 contribute not at all to COs, con- 
sidering the CQO, arising solely by an alternative pathway, 


(2) 


If, by an alternative pathway, all 6 carbon atoms of glucose contribute to 
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CO, at the same rate, then, for this pathway operating alone, 
=- (3) 


Let E = the fraction of CO» derived from glucose via the glycolytic scheme, 
(1 — £) = the fraction of CO, derived from glucose by an alternative 
scheme. If the two pathways are assumed to be operating simultaneously 
in a given preparation, and if the limiting condition imposed by Equation 
2 is considered, then, 


_ QN + 2T + 2)E +10 — EB) 


6E + 6(1 — B) 





_ ON +27 +E 1 
i 6 6 





whence 


6U -1 


Emax. = 9 4 OT +1 


(4) 

From this equation, if U, N, and T have been experimentally deter- 
mined, a value for Z, the fraction of CO derived from glucose via the gly- 
colytic scheme in contrast to an alternative scheme, may be estimated. 
The value of # obtained by Equation 4 represents a maximal value, Emax., 
in that it has been assumed that only carbon atom 1 of glucose can yield 
CO. by an alternative pathway. 

If, assuming the two pathways to be operating simultaneously, the limit- 
ing condition imposed by Equation 3 is considered, then 


_ (2N + 27 + 2)E + 6(1 — B) 





“i 6E + 6(1 — EB) 
‘i (N+ T — 2)E 7 
3 
whence 
3U —3 
Enin. = VoT.2 (5) 


The value for /, the fraction of all CO, derived from glucose via the 
glycolytic scheme, may be estimated from Equation 5 if U, N, and T have 
been experimentally determined. The value is in this case a minimal one, 
Emin, in that it has been assumed that in the alternative pathway all 6 
carbon atoms of glucose contribute to CO2 at equal rates. 

The assumption upon which Equations 3 and 5 are based does not hold 








692 PATHWAYS OF GLUCOSE CATABOLISM 


for liver slices, since a value of U <1 found experimentally in this tissue 
(Table V) results in a negative value for Enin,. Consequently for this 
tissue Ein, cannot be estimated. However, Emax. can be calculated from 
Equation 4 for each of the systems studied, and the results of these calcula- 


TABLE V 
Conversion of Glucose-C'4 and Lactate-C'* to C4O, in Vitro by Liver Slices 
Liver slices were incubated with 5.5 ml. of bicarbonate buffer containing 50 um 
each of glucose, gluconate, lactate, and acetate. The location of the isotope in the 
labeled substrate is indicated below. Radiochemical yields of CQ, are calculated 
per 500 mg. of tissue. Each flask actually contained 492 to 510 mg. of tissue. 




















| Radiochemical yield in Radiochemical yield in CO2 from 
Rat Ss } CO: from — Rat | 3 actate N+T+1 
me oe Ea end eee eer 
Sf uece| toe] v = | cH | 2cH | sce] NW T 
| | (@) | () | @/b) (c) | (@) | () | /e) | Ge) 
1.5 hr. incubation isin 

| sia per par ‘per cont _ | | gm. \per pay ‘per “a Mt per cen cout | 
17 220) 1.71 | 3.85 | 0.44 14 | 200 | 25.9 | 7.46 | 5.40 | 4.80 | | 1.38 | 2.39 
19 | 350 | 1.05 | 1.12 | 0.94 | 19 | 350 | 20.3 | 8. 67 | 4.76 | 4.26 | 1.82 | 2.36 
20 | 305 | 1.14 | 3.31 | 0.34 | 20 | 305 | 19.5 | 8.50 | 5.14 | | 3.80 | 1.65 | 2.15 
21 | 220 | 3.28 | 4.42 | 0.74 | - | 220 | 29.2 10. 9 | | $i 03 | 4.15 | 1.55 | 2.23 
24 | 290 | 2.04 | 4.23 | 0. 48 | | 195 | 23.5 | 9.73 | 4. 93 | 4. 7 | 1.97 | 2.58 
82 | 250 | 1.18 | 1.54 | 0.73) | | | | 
sega SERRE een viene ae Sees we | 
Average | 1.73 | 3.08. 0.61 | r i: | 23.6 | | 9.05 | 6.45 | 4.36 1.67 | 2.34 

| | | 
3 i siebation period 

ie re 1 "Ea A es l ih a eS P= 
11 | 280 | 2.74 | 4.71 0. 58 | | 14 4/2 200 | 47. 9 | 15.2 | 10.6 | 4.52 | 1.43 | 2.32 
17 | 220 | 6.76 |11.5 | 0.59 | | 15 | 195 | 28.6 | 14.8 | 8.65 3.31 | 1.71 2.01 
20 | 305 | 3.72 | 6.19 | 0.60 | 41 | 115 | 34.1 | 16.2 | 12.2 | 2.80 | 1.33 | 1.71 
21 | 220 | 7.18 13.0 | 0.55 | 42 | 265 | 46.1 | 18.2 | 11.0 | 4.19 | 1.65 | 2.28 
24 | 290 4.22 | 7.30 | 0.58 | 43 | 145 | 37. 6 20.5 | 18.1 | 2.87 | 1.56 | 1.81 
32 | 250 | 2.54 3.76 0.68) | | 
Average | 4.52 | 7.74 | 0.60 | 38.9 | 17.0 | 11.1 | | 3. 54 | 1.54 2.03 


tions are given in Table VI. From these figures it will be seen that, whereas 
Emax. 18 close to 100 per cent for the intact animal and for diaphragm sec- 
tions, its value for kidney slices appears to be lower and for liver slices lies 
close to 20 per cent. This means that in the liver slice, under the present 
experimental conditions, no more than 20 to 25 per cent of the CO, arising 
from glucose of the medium was formed via the glycolytic pathway. It 
should be stressed that this is a maximal figure and that the possibility 
exists that none of the CO: arose via glycolysis. 
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The results of the present study lead to an apparent discrepancy. 
Whereas in the intact animal approximately 100 per cent of CO: derived 
from glucose could be accounted for by glycolysis, the glycolytic pathway 
was shown to be a very minor one in the liver slice. Two tentative ex- 
planations may be offered to resolve this difficulty. On the one hand, the 
operation of an alternative pathway in liver and possibly in kidney may 
have been masked in the intact animal by the large contribution of CO. 
via glycolysis occurring in striated muscle as exemplified by the diaphragm. 
On the other hand the predominance of an alternative, possibly the ‘‘oxi- 
dative,” pathway in liver slices may be an artifact of the experimental 
conditions. 

It may be noted that the operation of an “oxidative” pathway whereby 
carbon 1 of glucose appears preferentially as CO». has been shown with 


TaB_e VI 
Mazimal Contribution of Glycolytic Pathway to Glucose Utilization 
The value of Emax, has been calculated from Equation 4 for various time intervals. 





| | 


| 
Intact animal | 
| 





| 


Time Diaphragm Kidney | Liver 
RatI | Rat II | 

hrs. | | | Ali 
1 |} 1.08 | 1.00 | | 
1.5 | | | 0.96 | 0.89 0.20 
2 | 1.00 0.88 | | 
3 | ae | om | CO | @H 0.23 

| 0.96 | 0.92 | | 





Escherichia coli (12). Such a pathway is either lacking or minor in the 
utilization of glucose by growing Saccharomyces cerevisiae (13). 


SUMMARY 


The isotopic composition of CO; produced by intact rats, liver and kidney 
slices, and diaphragm sections has been studied with glucose-U-C™, glu- 
cose-1-C4, lactate-1-C™, lactate-2-C™, and lactate-3-C" as substrates. Ex- 
pressions have been derived relating the radiochemical yields of CO, from 
the three species of isotopic lactate to those from the two species of isotopic 
glucose. These equations permit the estimation of the maximal contribu- 
tion of the Embden-Meyerhof glycolytic pathway to the over-all conversion 
of glucose to COs. 

In the intact animal as well as in diaphragm sections no evidence sup- 
porting the occurrence of a non-glycolytic pathway was found. Granted 
the assumptions implicit in the equations employed, essentially all of the 
CO, derived from glucose could be accounted for as arising via glycolysis. 
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In kidney, and more strikingly in liver slices, the data were consistent with 
the occurrence of a non-glycolytic pathway wherein carbon 1 of glucose was 
preferentially converted to CO. In liver this pathway accounted for at 
least 75 per cent of the CO2 formed from glucose. 

The relationship of this non-glycolytic pathway to the “oxidative” path- 
way of glucose utilization, as well as the apparent discrepancy between the 
results with liver slices and with intact animals, has been discussed. 
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PHOSPHOGLUCOMUTASE AND PHOSPHOHEXOSE 
ISOMERASE IN TUNICATES* 


By HENRY Z. SABLE anp CHARLES W. CALKINS, Jr.t 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, March 6, 1953) 


The tunicates, sessile marine animals of the subphylum Urochorda (1), 
are unique in the animal kingdom in that they synthesize cellulose (2). 
An investigation of the pattern of carbohydrate metabolism in these ani- 
mals has been undertaken as a first step in the direction of studying the 
biosynthesis of cellulose. The present paper deals with some of the prop- 
erties of phosphoglucomutase and phosphohexose isomerase in the tissues 
of Molgula (the sea-squirt). 


Materials and Methods 


a-Glucose-1-phosphate (G-1-P) was prepared from potato starch by incu- 
bation with potato phosphorylase and inorganic phosphate.! A potassium 
salt recrystallized three times was used. -Glucose-1-phosphate was kindly 
supplied by Dr. Frank J. Reithel. Fructose-6-phosphate (F-6-P) was pur- 
chased from the Nutritional Biochemicals Corporation. Glucose-6-phos- 
phate (G-6-P) was prepared by crystallization of the barium salt produced 
on incubation of barium F-6-P with a dialyzed extract of rabbit muscle or 
with purified rabbit muscle isomerase, according to an unpublished method 
of Horecker.2 Recrystallization was accomplished by suspending the salt 
in a small volume of water, removing barium with H.SQ,, and then neu- 
tralizing to pH 8.2 with Ba(OH)2. Two such recrystallizations were used 
for purification. Adenosinetriphosphate (ATP) was purchased from the 
Pabst Laboratories. Glucose, fructose, sucrose, and cellobiose of c.p. grade 
were purchased from the Pfanstiehl Chemical Company. Versene (the 
disodium salt of ethylenediaminetetraacetic acid), analytical grade, was a 
gift from the Bersworth Chemical Company. Samples of Molgula’ were 
collected from a float in the harbor at Harwichport, Massachusetts, or were 
purchased from the Marine Biological Laboratory, Woods Hole, Massa- 


* Supported in part by a research grant from the Nutrition Foundation, Inc. 

+ Present address, Tufts College Dental School. 

1 Personal communication from Dr. E. W. Sutherland. 

2 Personal communication from Dr. B. L. Horecker. 

3 The commonest species in this area is Molgula manhattensis, but no attempt was 
made to identify the species used. 
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chusetts. Other materials and analytical methods used were described 
previously (3). All incubations were carried out at 30°. 

Preparation of Extracts of Molgula—The live animals were used within 
24 hours of collection. The tunic was incised and the body extruded and 
separated from the tunic, and the latter was then usually discarded. The 
body cavity was opened and the viscera removed as thoroughly as possible. 
The remaining tissue was rinsed in distilled water and then used for prep- 
aration of the extracts. From 100 animals about 75 ml. of loosely packed 
tissue, chiefly muscle, were usually obtained. To this were added 10 ml, 
each of cold 0.5 m KCl, 0.5 m KHCOs, 100 ml. of cold distilled water, and 
enough sand to make a loose paste, which was then pounded for several 
minutes in a chilled mortar, and left at 3° for 30 minutes with occasional 
grinding. The solid was removed by high speed centrifugation in a Servall 
SS-1 centrifuge, and then reextracted with a mixture of 1 ml. of KCl, 1 ml. 
of KHCOs;, and 50 ml. of water. Usually a third extraction was carried 
out in the same way. The extracts were combined (volume, 250 ml.) and 
dialyzed overnight against 10 liters of distilled water at 3°. The resulting 
solutions contained 0.1 to 0.3 per cent protein. The extracts were frozen 
when not in use, and were found to lose activity slowly over a period of a 
few months when kept in this way. Storage at 3° resulted in a much more 
rapid loss of enzymatic activity. 

Phosphoglucomutase—Phosphoglucomutase activity was invariably pres- 
ent. The test system was based on that described by Najjar (4). An 
enzyme solution was prepared containing 100 yuo of tris(hydroxymethyl) 
aminomethane (Tris), 50 um of cysteine, 50 um of MgCle, and 3.0 ml. of 
dialyzed extract to give a final volume of 5.90 ml. and a pH of 7.6. Ali- 
quots of 1.00 ml. were added to a series of tubes each containing 0.10 ml. 
of a 0.02 m solution of G-1-P. The reaction was stopped by addition of 
5.0 ml. of 6 per cent perchloric acid, and the extent of the reaction was 
measured by determination of the decrease in acid-labile phosphate (in- 
organic phosphate liberated in 6 minutes at 100° in 1 N H.SO,). At the 
same time, similar experiments were carried out in which MgCl, or cysteine 
or both were omitted. The result of such an experiment is shown in Fig. 
1, A. It can be seen that full activity is not obtained unless both cysteine 
and Mg++ are added. In the absence of these two activators the activity 
was greatly diminished but was never entirely abolished, even on pro- 
longed dialysis against several changes of water. In the presence of 0.005 
M Versene, however, there was no conversion of acid-labile phosphate to 
an acid-stable form, indicating that a tightly bound divalent cation pres- 
ent in the extract was activating the enzyme. 

The residual activity was eliminated as follows: to 75 ml. of the dialyzed 
extract were added 8.3 ml. of a solution of Versene (0.10 mM, pH 7.6) and the 
solution was then dialyzed for 6 hours against 3.5 liters of 0.01 m NaCl at 
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3°. The enzyme activity was tested as described above. In the absence 
of Mgt+ and cysteine, and when cysteine was added alone, the enzyme was 
inactive, but activity was restored by the addition of Mgtt. In tests of 
other divalent cations as possible activators, cysteine was found to cause 
precipitation of some of these, and the effect of cysteine on the Versene- 
treated extract was investigated. Whereas cysteine was required for full 
activity before treatment with Versene, after such treatment cysteine not 
only was without enhancing effect in the presence of Mg** but actually 
showed small but definite inhibition. This is shown in Fig. 1, B. Con- 
sequently, cysteine was omitted in the later experiments. The activation 
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Fia. 1. Effect of Mgt* and cysteine on phosphoglucomutase. A, dialyzed extract. 
Curve 1, no activators; Curve 2, cysteine, 7.7 X 10-3 m; Curve 3, Mgtt, 7.7 1073 
mM; Curve 4, Mg** and cysteine, each 7.7 X 10-3 m. B, Versene-treated extract. 
O, no activators; +, cysteine. M = Mgtt; C = Mg* and cysteine. Concentra- 
tions as in A. 


of the enzyme by Mg** is shown in Fig. 2. There is a broad optimal 
range between 10-? and 10-*m. Several other divalent cations were tested. 
Of these, Ba** was found to be definitely stimulatory with a sharp optimum 
at3 X 10-* m (Fig. 3, A), while Mn+, Co*, Nit, Cut’, Zn*+, and Ca++ 
at concentrations of 2 X 10-* mM were inactive. The possibility that Ba++ 
and Mg*t* might activate in different ways was investigated by carrying 
out the reaction’ with the Versene-treated extract in the presence of differ- 
ent mixtures of Ba** and Mg** at a total concentration of 3 & 10-* M. 
The result of such an experiment is shown in Fig. 3, B. There appears 
to be neither inhibition nor reinforcement of the effect of one ion by the 
other. 

The affinity of the enzyme for Mgt* and G-1-P (Fig. 4) was determined 


‘In these experiments the hydrolysis of glucose-1-phosphate was carried out in 
1 n perchloric acid. 
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by the method of Lineweaver and Burk (5). The locations of the best 
straight lines for the points obtained were calculated by the method of 
least squares. K,, for Mg++ was found tobe 1.2 X 10-‘ and for G-1-P was 
4.8 X 10“. 
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Fic. 2. Activation of phosphoglucomutase by Mgtt. The incubation mixtures 
contained G-1-P (2 X 107? m) and Tris (2 X 10°? mM), pH 7.6. A Versene-treated 
extract was used and cysteine was omitted. 
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Fig. 3. Activation of phosphoglucomutase by Mg*+ and Bat+. Incubation mix- 
tures without cysteine. In A, the single symbol marked Mg represents the activity 
of the same enzyme preparation in the presence of Mgt+ (3 X 10-3 m) with no added 
Ba**. In B, the activating effect of Mg*+-Bat+ mixtures is shown; total concentra- 
tion of divalent cation = 3 X 107? M. 


The effect of varying pH was determined by carrying out the reaction in 
solutions buffered with Tris-succinate mixtures. Tris and succinic acid 
were mixed in equimolar proportions and a series of buffer solutions was 
prepared by adjusting the pH with KOH. The actual pH of the incuba- 
tion mixtures was determined with a glass electrode. This experiment 
(Fig. 5) showed an optimal range between pH 7.0 and 7.5. 
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Najjar (4) has reported that crystalline phosphoglucomutase of rabbit 
muscle is inhibited by fluoride in a way which suggests the formation of an 
inactive complex of Mg**, G-1-P, and fluoride ion. He reports the inhibi- 
tion constant for this reaction to be 1.7 X 10-”. Similar experiments 
were carried out with the Molgula phosphoglucomutase. With concentra- 
tions of Mgt* = 10-* m and G-1-P = 1.44 X 10-* M, 10-* m fluoride was 
found to produce 28 per cent inhibition and 2 X 10-* m fluoride to produce 
46 per cent inhibition. The inhibition constants for these concentrations 
were 3.7 X 10-” and 6.8 X 107”, respectively, indicating an effect of the 
same order of magnitude as that described by Najjar. 


4 - 











1 i I 
I 2 3 
S$ xX 10 
Fie. 4. Data for determination of Kn. For Mg*t the data obtained in the experi- 
ment shown in Fig. 2 were used. For G-1-P the reaction mixtures contained Mgt+ 
(1.8 X 10-3 m) and Tris (3.3 X 10-2 Mm), pH 7.6. A Versene-treated extract was used 
and cysteine was omitted. 
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The absence of cysteine from the reaction mixtures made it possible to 
study the réle of protein —SH groups in the active site of the enzyme. 
The enzyme activity was not affected when 3 X 10-* m iodoacetate was 
present in the incubated mixtures, nor when the enzyme was incubated 
in the presence of 4 X 10-* m iodoacetate for 15 minutes before addition 
of substrate to start the reaction (Fig. 6). 

In the preparation of phosphoglucomutase from rabbit muscle (4) a 
large volume of protein solution is heated to 65° without destroying the 
desired enzymatic activity. Phosphoglucomutase of yeast shows similar 
stability under these conditions.’ The phosphoglucomutase of Molgula is 
more labile. A 5 ml. portion of the extract was adjusted to pH 5, heated 
to 63°, and cooled rapidly in ice, the time from the start of heating until 


5 A. J. Guarino and H. Z. Sable, unpublished experiments. 
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the temperature returned to 10° or lower being about 5 minutes. Under 
these conditions a moderately large precipitate formed, but most of the 
phosphoglucomutase activity remained in the solution. When larger 
quantities of extract were heated, however, the total heating and cooling 
time was prolonged to about 15 minutes, a period which still was shorter 
than that used in the preparation of the enzyme from rabbit muscle. This 
longer heating period led to complete inactivation of the Molgula phos- 
phoglucomutase. The enzyme of Molgula is therefore considerably more 
heat-labile than the corresponding enzyme of rabbit muscle and yeast. 














8r 
Ge 
tes oof 
Ww © 
. 4+ - % 
© L a 
= = IF ° 
- 2 ro z 
~ © 
= = 
1 l 1 1 L 1 
5 6 7 8 0 20 40 60 
pH MINUTES 
Fia. 5 Fia. 6 


Fig. 5. Variation of phosphoglucomutase activity with pH. G-1-P, 1.1 * 107 
mM; Mg**, 4.7 X 107m. Tris and succinate, each 1.6 X 107? M. 

Fia. 6. Lack of effect of iodoacetate on phosphoglucomutase. Incubation mix- 
ture without cysteine. Mgt*, 1.7 X 10°? mM. @, no iodoacetate; O, 3 X 107? M iodo- 
acetate present in incubation mixture; X, enzyme solution preincubated in 4 < 107% 
M iodoacetate for 15 minutes before addition of G-1-P. 


That the product of the reaction was actually glucose-6-phosphate was 
established by analysis of the incubated mixtures with Zwischenferment. 
The usual incubation was carried out, deproteinization being accomplished 
by addition of 0.5 volume of 2.5 per cent HgCl. in 0.5 m HCl. Excess 
mercury was removed with H.S and the filtrates aerated and neutralized. 
Phosphate analysis indicated the formation of 1.51 yum of an acid-stable 
phosphate ester. Analysis with Zwischenferment indicated the presence of 
1.14 um of G-6-P, which accounted for 76 per cent of the acid-stable ester. 
Since the Zwischenferment preparation used was practically free of phos- 
phohexose isomerase and the Molgula extract was rich in isomerase (see 
below), the acid-stable ester formed from G-1-P must be G-6-P. 
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When inorganic phosphate was incubated with the Molgula extracts, 
there was no formation of acid-stable phosphate. Likewise, ribose-1-phos- 
phate® and 8-glucose-1-phosphate were not acted upon by the extracts. 
An attempt was made to prepare enzymatically active extracts from the 
integument. ‘The inner surfaces of a large number of tunics were separated 
from the outer fibrous layer and extracted as described above. The re- 
sulting solutions were incubated with a- and 6-glucose-1-phosphate, but 
did not catalyze the formation of acid-stable esters. 

Phosphohexose Isomerase—The difference between the amount of acid- 
stable phosphate ester formed and the amount of G-6-P found on analysis 
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Fia. 7. Phosphohexose isomerase in dialyzed extract. Upper curve, Tris, 0.03 m, 
pH 7.6; F-6-P, 2 X 10° m. Lower curve, Tris, 0.04 mM, pH 7.6; G-6-P, 3 X 107° mM. 


with Zwischenferment suggested the presence of a highly active phospho- 
hexose isomerase. Direct evidence for the presence of this enzyme was 
obtained by incubation of F-6-P with 0.5 ml. aliquots of the Molgula ex- 
tract. The reaction was stopped with perchloric acid and aliquots of the 
protein-free filtrates were analyzed by the resorcinol test of Roe (6), equi- 
iibrium being reached when about 65 per cent of the fructose-reactive 
material initially present had been converted to an unreactive form.® 
When G-6-P was incubated with the extract, fructose-reactive material 
appeared until about 35 per cent of the G-6-P was converted (Fig. 7). 
Prolonged dialysis of the extracts led to complete inactivation of the 
isomerase without affecting the phosphoglucomutase. No evidence could 
6 In these analyses we have taken account of the fact that F-6-P gives consider- 


ably less color than an equimolar amount of free fructose. We have used the factor 
0.75 to correct for this difference. 
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be found for metal activation or for the presence in the extracts of a dia- 
lyzable cofactor for the phosphohexose isomerase reaction. 

The extracts were tested for hexokinase in the usual way (7), but no 
evidence was found for the phosphorylation of glucose by ATP, as measured 
by reducing power of Ba(OH)2-ZnSO, filtrates. The extracts did not cata- 
lyze the hydrolysis or arsenolysis of cellobiose. 


DISCUSSION 


Using rabbit muscle phosphoglucomutase, Sutherland (8) found that 
cysteine could be replaced by various metal-binding agents and that. pre- 
incubation with cysteine decreased enzymatic activity. This indicated 
that cysteine probably was not concerned with the regeneration or pro- 
tection of protein —SH groups required for enzyme action. From the 
present work it is apparent that, once the enzyme solution has been treated 
with a metal-binding agent to remove contaminating cations, cysteine is 
not only unnecessary but actually is slightly inhibitory, probably because 
it forms chelate compounds with the activating cation, and thus effectively 
removes an appreciable amount of it. Krimsky and Racker (9) found 
that they could dispense with cysteine in the oxidation of glyceraldehyde- 
3-phosphate by the dehydrogenase of rabbit muscle if they added Versene 
or KCN to the protein solution during isolation of the enzyme; under these 
circumstances the enzyme was obtained with the necessary protein —SH 
groups already in the reduced form. The lack of inhibition of phospho- 
glucomutase by iodoacetate, however, indicates that protein —SH groups 
are not necessary parts of the catalytically active site of this protein. 

Phosphoglucomutase has been shown to be activated by a-glucose-1 ,6- 
diphosphate (10-12). No special precautions (such as fractional crystal- 
lization or ion exchange chromatography) were taken to remove any hexose 
diphosphate from the G-1-P used, and no tests were made to detect the 
presence of glucose-1 ,6-diphosphate in the extracts or in the G-1-P. It is 
reasonable to assume that the mechanism of the phosphoglucomutase re- 
action is the same regardless of the source of the enzyme, but, in the absence 
of direct tests, no conclusions can be drawn. 


SUMMARY 


Soluble protein extracts of the marine organism Molgula contain phos- 
phoglucomutase and phosphohexose isomerase. 

The phosphoglucomutase requires the presence of Mg++ or Ba++. Other 
divalent cations do not activate this enzyme. After treatment with a 
metal-binding agent, the phosphoglucomutase is fully active in the absence 
of cysteine and is not affected by iodoacetate. The pH optimum and the 
affinity constants for Mg++ and G-1-P have been determined. 





wWeeaa 


no 
ed 


La- 


108- 


her 
ha 
nce 
the 





H. Z. SABLE AND C. W. CALKINS, JR. 703 


The authors are indebted to Dr. Lewis H. Kleinholz of Reed College and 
the Marine Biological Laboratory, Woods Hole, Massachusetts, for helpful 
information concerning the habitat and handling of Molgula. 
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In the present study an investigation was made of the metabolism of la- 
beled acetate in liver slices of hyperthyroid rats. This is of interest for 
several reasons. First, the high catabolic rate of the hyperthyroid animal 
implicates the thyroid hormone in major oxidative processes, and the par- 
ticipation of an acetic acid derivative as an intermediate in carbohydrate 
and fatty acid oxidation makes this substance a logical choice for a study 
of metabolic sites of thyroxine action. Second, anabolic activities associ- 
ated with the acetyl group, such as lipogenesis and cholesterogenesis, have 
been found to be susceptible to hormonal (1-7) and dietary (8-11) control, 
and data concerning the effect of induced hyperthyroidism would supple- 
ment our present information on these subjects. Finally, and perhaps of 
greatest interest, is the question of thyroidal control of synthetic reactions. 
Although experiments carried out by Karp and Stetten (12) indicated that 
synthetic processes are not impaired in the hyperthyroid rat, it was de- 
sirable to reinvestigate this problem in the light of studies of Lardy 
and Feldott (13) and Martius and Hess (14). These investigators have 
focused attention upon a possible control of oxidative phosphorylation by 
the thyroid hormone. Lardy and Feldott found a decreased phosphoryla- 
tion associated with oxidation of glutamate and some Krebs’ cycle inter- 
mediates by kidney mitochondria from rats previously treated with 
thyroxine. Martius and Hess, in addition to substantiating the effects 
observed by Lardy and Feldott, reported that addition of thyroxine to liver 
mitochondria from normal rats lowered the uptake of inorganic phosphate 
associated with the oxidation of B-hydroxybutyrate. Inasmuch as energy 
for synthetic processes is probably provided by oxidative phosphorylation 
(15), it is obvious that hyperthyroidism might thus result in an impairment 
of synthetic reactions. It was expected that a comparison of hyperthyroid 
and normal rats with respect to utilization of acetate for fatty acid syn- 


* Aided by grants from the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service, the Atomic Energy Commission, con- 
tract No. AT(30-1)777, and the American Cancer Society. The technical assistance 
of Lillian Locke and George Paden is gratefully acknowledged. 
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thesis would provide a test for this hypothesis. By using acetate labeled 
with C" in the methyl group, its conversion to COs, acetoacetate, and fatty 
acids was studied with liver slices of hyperthyroid and normal rats. 


EXPERIMENTAL 


Stock colony male rats of the Carworth Farms strain, 2 to 3 months old, 
weighing 150 to 200 gm., were made hyperthyroid by the daily feeding of 
0.5 gm. of dried thyroid (Squibb), mixed with a portion of their regular 
ration of ground Allied Mills rat checkers. In addition, they received car- 
rots and a subcutaneous injection every other day of 0.1 ml. of Upjohn’s 
multivitamin mixture, Solu-B. 

In some experiments a more severe hyperthyroid condition was attained 
by a daily subcutaneous injection of 1 mg. of crystalline pi-thyroxine 
(Squibb) for 3 to 5 days, together with 0.1 ml. of Solu-B each day. The 
control rats were treated similarly but received no thyroid hormone. After 
either type of treatment, the animals were fasted for 36 hours prior to sac- 
rifice, or were fasted 36 hours and then refed ad libitum for 24 hours with 
a diet consisting of 30 per cent casein, 67 per cent dextrose, and 3 per cent 
salt mixture.!. Control animals were treated similarly. The fasting and 
refeeding procedure insured optimal conditions for fatty acid synthesis (9). 

The animals were decapitated, each liver was quickly dissected, and a 
portion (about 0.5 gm.) placed in 2 ml. of hot 30 per cent KOH for glycogen 
analysis by the method of Good, Kramer, and Somogyi (16). Preparation 
and incubation of the liver slices and collection and assay of respiratory 
COs, acetoacetate, and fatty acids were accomplished by procedures al- 
ready reported (9). The methyl-C'-labeled acetate was obtained from 
Tracerlab, Inc., on allocation by the Atomic Energy Commission. It was 
used in 0.01 m final concentration and had a specific activity of approxi- 
mately 50,000 c.p.m. when counted as BaCO; spread in an infinitely thick 
layer over 7.5 sq. cm. area. Every experiment with thyroid-fed or thy- 
roxinized animals was accompanied by a concomitant experiment carried 
out under identical conditions with normal animals. 


Results 


Acetate Metabolism in Liver Slices of Thyroid-Fed Rats—The results of 
ten experiments with thyroid-fed rats are given in Table I. In keeping 
with the well established higher oxidative activity of “hyperthyroid” liver 
slices (17), the average oxygen consumption of liver slices from the thyroid- 
fed rats was 30 per cent higher than that of the concomitant normal con- 
trols (Column 4). The hyperthyroid animal is known to have a low liver 
glycogen level, even in the fed condition (18). By our procedure of fasting 


1 Medes, G., Spirtes, M. A., and Weinhouse, S., unpublished data. 
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and refeeding, it was possible to achieve rather high glycogen levels in most 
of the “hyperthyroid” livers, but they were still much lower than the cor- 
responding normal livers (Column 5). The increased catabolic activity of 
the livers of the thyroid-fed animals is also reflected in a higher conversion 
of acetate methyl carbon to CO. (Column 6). The average conversions 
to COz2 were 70 per cent higher for the “hyperthyroid” livers; of the ten 
experiments, in only two were the conversion capacity values for CO» lower 
than the highest normal values. 

Although the average value for conversion of acetate to acetoacetate was 
only slightly lower in the “hyperthyroid” liver slices than in the normal 
slices, a significant difference may have been obscured by the wide range 
of the values. In seven of the ten experiments, conversion of acetate car- 
bon to acetoacetate was decidedly higher in the normal rat livers, and, 
if we neglect the one experiment with a hyperthyroid rat in which conver- 
sion to acetoacetate was abnormally elevated (conversion capacity = 59.7), 
acetoacetate formation in the normal liver slices would on the average have 
been about twice that of the “hyperthyroid” slices. 

In view of the well established impairment of fatty acid synthesis in 
liver slices of fasted normal rats (8-11) and the association of this condition 
with low liver glycogen levels, it was expected that, for this reason alone, 
fatty acid synthesis might be lower in the “hyperthyroid” livers which had 
on the average only half the glycogen content of the normal livers. Sur- 
prisingly, however, the average incorporation of acetate into fatty acids 
was considerably increased. On the average, incorporation of acetate car- 
bon was about 70 per cent greater (Table I, Column 8) and, though there 
is some overlapping in the two groups, in only three of the ten experiments 
was the incorporation lower in the “hyperthyroid” than in the normal 
slices. 

Acetate Metabolism in Liver Slices of Thyroxinized Rats—To explore fur- 


2 It is important to note that the data on conversion capacity do not represent 
actual fatty acid synthesis rates. To obtain such data from isotope tracer studies, 
it is necessary to know the specific activity of the precursor carbon available at the 
site of synthesis. This information is not obtainable from these and other studies 
thus far carried out because one cannot estimate the extent of dilution of the added 
precursor carbon by endogenous carbon of the surviving tissue cells. Since it seems 
reasonable to assume that fatty acids and acetoacetate are built up from the same 
pool of acetyl groups, the specific activity of the acetoacetate should provide a reli- 
able value for the specific activity of the acetate undergoing f: tty acid formation. 
Since the relative specific activities of the acetoacetate were of the order of 20 per 
cent of the original acetate, we may assume that total incorporation of acetate was 
about five times higher than is indicated by the conversion capacity values. Since 
the dilutions of acetoacetate were of the same order in both ‘‘hyperthyroid”’ and 
“normal” livers, the conversion capacity values should give a reliable indication of 
relative fatty acid synthesis. 
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ther the relationships between thyroid function and metabolic transforma- 
tions of acetate, a series of experiments was conducted with rats made 
hyperthyroid by injections of thyroxine. Before using such animals, it 
was found desirable to check the degree of hyperthyroidism. This was 
accomplished by measuring the CO: output of the intact rat in a simple 
metabolism apparatus designed for this purpose, as described previously 
(19). Five rats tested in this manner before treatment exhaled 4.3 to 
6.1 mM of COs, averaging 5.1 mM per half-hour. After 3 days, during which 
time they had received a total of 4 mg. of thyroxine divided into daily 
doses, COz excretion ranged from 6.3 to 9.7, averaging 8.1 mm per half- 
hour, or 60 per cent higher than the average before treatment. 

The results of twelve experiments with liver slices of thyroxinized and 
concomitant normal rats are shown in Table I. The marked hyperthy- 
roidism of the animals was reflected in a 60 per cent rise in oxygen consump- 
tion of the liver slices over the control rats and also in a 60 per cent increase 
in conversions of acetate carbon to COs. In these experiments, acetoace- 
tate formation from acetate was about the same in both the ‘normal’ and 
the “thyroxinized” liver slices. In view of the wide ranges in acetoacetate 
production, particularly in the “thyroxinized”’ livers, no definite conclusions 
can be drawn concerning any possible effects of hyperthyroidism on keto- 
genesis. 

Fatty Acid Synthesis—The data in Column 8 leave no doubt concerning 
the ability of liver slices from thyroxinized rats to synthesize fatty acids. 
Again it appears that acetate incorporation into fatty acid is considerably 
higher in the “‘hyperthyroid” liver. A part of this increase is probably due 
to the relatively greater amounts of active enzymatic material in the same 
weight of “hyperthyroid” liver slices because of their lower glycogen con- 
tent (recalculation of the total synthesis values on a per gm. protein basis 
resulted in somewhat closer correspondence between the values for ‘‘hyper- 
thyroid” and “normal” slices, but fatty acid synthesis and conversion of 
acetate to CO» for the former were still 30 per cent above the average for 
the latter). Although one cannot as yet be fully certain whether fatty 
acid synthesis in livers of hyperthyroid rats is raised above the normal 
levels, there seems to be no doubt that it is not lowered. 

Effect of Fasting—In Table I there are also recorded experiments with 
four thyroid-fed animals and two thyroxinized animals, all of which were 
fasted for periods of 12 to 48 hours before they were sacrificed. The aver- 
age liver glycogen content of this group was 0.06 per cent. The magni- 
tudes of acetate incorporation into fatty acids, ranging from 0.15 to 0.33 
uatom of carbon per gm. dry weight tissue per hour, were extremely low, 
being of the same order as those observed in livers of fasted normal animals. 
The high acetate incorporation into fatty acids in the liver slices from rats 
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fed thyroid, recorded in Table I, therefore received additional significance 
in view of their generally low glycogen content. To illustrate better the 
relationships between dietary condition, glycogen content, and fatty acid 
synthesis, the pertinent data are summarized in Table IT. 

Of the twelve experiments in Table I with thyroxinized rats, seven livers 
had high glycogen levels characteristic of fed normal animals and five had 
levels below 0.5 per cent, and hence were characteristic of fasted normal 
animals. The conversion of acetate to fatty acids in the former groups 
was twice as high on the average as in the latter, and this observation is 
in keeping with the greater lipogenic capacity of the glycogen-rich liver of 
the fed rat. However, the lipogenic capacity of the livers from glycogen- 


TABLE II 


Effect of Glycogen Level on Incorporation of Acetate Carbon into Fatty Acids of Liver 
Slices from Normal and Thyrozinized Rats 


The average values are followed by the ranges in parentheses. 











Conditions No. of animals | Average liver glycogen | ae ae 
| per cent wet weight | microatoms carbon 
Thyroxinized, refed (high liver | 
a Se ees 7 | 4.5 (1.1-10.5) | 8.4 (1.3-14.2) 
Thyroxinized, refed (low liver | | | 
Bhasin | 5 | 0.18 (0.03-0.44)) 4.1 (2.1-5.8) 
Concomitant normals, refed. ... 12 | 11.02 (6.9-15.9) | 3.9 (0.7-8.5) 
Thyroxinized or thyroid-fed, | | | 
Cas Roe re errs e | 6 | 0.06 (0.01-0.19)| 0.24 (0.15-0.33) 
Normal, fasted................. | 10 | 0.34 (0.01-1.0) | 0.13 (0.015-0.53) 








poor, “thyroxinized, fed’’ rats is just as high as that of the twelve ‘“‘normal” 
livers which had on the average 50 times more glycogen. The high lipo- 
genic capacity of the livers from glycogen-poor “‘thyroxinized, fed”’ rats 
does not extend to the livers from glycogen-poor “‘thyroxinized, fasted” 
animals. Here, lipogenesis is largely impaired, just as it is in the ‘‘normal, 
fasted” liver. Clearly, the glycogen level per se is not the primary factor 
in influencing lipogenesis in liver slices. 


DISCUSSION 


The high conversion of acetate carbon to fatty acid implies fatty acid 
synthesis rates for “hyperthyroid” liver slices which are at least in the same 
range as those of normal liver slices. This observation is not in accord with 
the idea, suggested by the recent work of Martius and Hess (14) and Lardy 
and Feldott (13), that the thyroid hormone acts to uncouple phosphoryla- 
tion from oxidative processes. If so, it might have been expected that 
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fatty acid synthesis which, in common with other synthetic processes, re- 
quires energy from high energy phosphate bonds, would be impaired in this 
condition. If oxidative phosphorylation is impaired in the hyperthyroid 
animal, this is not manifested in a decreased rate of fatty acid synthesis. 

These findings are in agreement with other studies of the effect of thy- 
roid function on synthetic processes (20-22). Byers et al. (20) reported 
that incorporation of tritium into cholesterol is increased in intact hyper- 
thyroid animals, and similar evidence with deuterium labeling was pre- 
sented by Marx (21). There is also some evidence that incorporation of 
alanine-C" into proteins is decreased in liver slices of hypothyroid and in- 
creased in those of hyperthyroid rats (22). 

The loss of lipogenic ability in the “fasted” or ‘‘diabetic’ rat liver, 
coupled with the fact that these conditions are associated with a low 
liver glycogen level (23), emphasizes the close association of carbohydrate 
metabolism with fatty acid synthesis. This association is suggested also 
by the following phenomena: (a) insulin, which has been found to promote 
fatty acid synthesis in vitro, has, in addition to its well known effect on 
glycogen storage, the function of restoring lipogenic activity of liver slices 
when administered to diabetic rats shortly before sacrificing them (4, 24); 
(b) Masri et al. (5) found that addition of glucose to “fasted” liver slices 
increased lipogenesis from acetate, and that this effect was augmented by 
insulin addition in vitro; (c) Brady and Gurin (25) found that prefeeding 
with glucose was necessary to obtain active preparations of a water-soluble 
enzyme system from pigeon liver which converts acetate to fatty acids; 
(d) liver slices from fructose-prefed (but not glucose-prefed) diabetic rats 
show an undiminished lipogenic capacity (26). 

Because of the findings mentioned above, both Lyon et al. (10) and Brady 
and Gurin (25) expressed the opinion that lipogenesis from acetate required 
the participation of glycolysis. However, there are several findings which 
do not seem to be in agreement with this idea. (1) Fructose oxidation oc- 
curred in liver slices of glucose-prefed diabetic rats with little or no impair- 
ment when compared with normals (27). Thus, unless fructose is mainly 
oxidized through some pathway other than glycolysis (and there is no evi- 
dence for this), one must assume that adequate glycolysis occurred during 
fructose oxidation in the diabetic rat liver slices. Yet lipogenesis under 
these conditions was no higher than when the diabetic slices were incubated 
with glucose, the oxidation of which was greatly impaired. (2) Masoro 
et al. (11) and more recently Medes ef al.'! have found that lipogenesis 
from glucose in rat liver slices was diminished by fasting, whereas its oxi- 
dation was not greatly affected. Again, unless one assumed that glucose 
oxidation in ‘‘fasted” rat liver slices took another pathway, adequate gly- 
colysis should have taken place. Yet, as with fructose, the oxidation of 
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the hexose was unable to stimulate lipogenesis. (3) Brady et al. (28) re- 
ported that liver slices from a normal cat fasted 48 hours retained a high 
lipogenic capacity. Thus in one case lipogenesis is high in experimental 
conditions under which much glycolysis is unlikely, and in two instances 
lipogenesis is impaired under conditions in which sufficient glycolysis is 
probably occurring. 

The present study discloses another instance in which lipogenesis occurs 
at an undiminished rate in the absence of sufficient substrate as a source 
of glycolysis. In five experiments shown in Table II, fatty acid synthesis 
occurred at a normal rate in “fed” hyperthyroid slices having an extremely 
low glycogen level, and hence no obvious supply of substrate for glycolysis. 
The possibility that gluconeogenesis from increased breakdown of tissue 
proteins in hyperthyroidism would supply sufficient carbohydrate to re- 
establish fatty acid synthesis is improbable since ‘fasted’? hyperthyroid 
liver slices show the same low fatty acid synthesis from acetate as “‘fasted” 
normal liver slices. It appears therefore that the effect of feeding on lipo- 
genesis, in the hyperthyroid animal at least, is not related directly to the 
glycogen level or to a metabolic reaction requiring carbohydrate. 


SUMMARY 


By using methyl-C*-labeled acetate, the metabolism of this substance in 
liver slices of normal and hyperthyroid rats was investigated. In rats 
made hyperthyroid by feeding of dried thyroid or by thyroxine injection, 
and prefed with a high carbohydrate, low fat diet, liver slices showed ap- 
proximately a 70 per cent rise in acetate oxidation, no significant change in 
acetoacetate formation, and an undiminished incorporation into fatty acids 
when compared with liver slices from normal rats. In liver slices of fasted 
thyroid-fed or thyroxine-injected rats, incorporation of acetate into fatty 
acids was of the same low range as is displayed by slices from fasted normal 
rats, but oxygen consumption and acetate oxidation were not diminished 
by fasting. In the hyperthyroid rat, no direct relationship was found be- 
tween hepatic lipogenesis and glycogen levels. 
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STUDIES ON VITAMIN B, 


IV. THE EFFECT OF VITAMIN B, ON PROTEIN SYNTHESIS AND 
MAINTENANCE IN THE RAT 


By J. R. BEATON, J. L. BEARE, G. H. BEATON, ann E. W. MCHENRY 


(From the Department of Public Health Nutrition, School of Hygiene, University of 
Toronto, Toronto, Canada) 


(Received for publication, April 25, 1953) 


Reports from this laboratory (1-3) have implicated vitamin Bg in the 
metabolism of amino acids in the intact rat. Others have shown that the 
vitamin, probably in the form of a phosphorylated derivative of pyridoxal, 
functions as the coenzyme of several transaminase enzymes (4) and of 
glutamic acid decarboxylase (5) in the rat. It might be expected from 
these reports that vitamin Beg deficiency would produce an alteration in 
protein concentration in the carcass, but this was not observed (6). Fur- 
ther, vitamin Be-deficient rats exhibit a normal level of total serum pro- 
teins, though showing increased nitrogen excretion (7). Ershoff (8) has 
suggested that vitamin Be deficiency in the rat may result in a decreased 
formation of adrenocorticotropin, owing to an impaired ability to synthe- 
size proteins during adjustment to stress. Stoerk et al. (9) have reported 
that vitamin Be-deficient rats exhibit a marked impairment of antibody 
response following injection of sheep erythrocytes, which could conceivably 
result from decreased globulin synthesis or increased globulin degradation. 
The studies to be reported were undertaken to investigate the effect of 
vitamin Bg upon the synthesis of liver protein in the partially hepatecto- 
mized rat and upon the level of a liver enzyme in which vitamin Bg has 
not been implicated as a coenzyme. 


Methods 


In each of the following experiments, albino rats of the Wistar strain 
were housed in individual screen-bottomed cages. The 20 per cent casein, 
20 per cent corn oil, vitamin Be-free basal diet previously described (7) was 
employed. Control animals were provided with 50 y of pyridoxine per 
rat per day in the food and the food intake was restricted to that of the 
comparable deficient groups to eliminate differences due to inanition. In 
the study on the synthesis of liver protein, all animals were provided with 
100 y of desoxypyridoxine per rat per day in the food to expedite the 
development of the deficiency syndrome. 

Livers were pooled for each group in the study on the synthesis of liver 
protein. The pooled livers were homogenized in a Waring blendor and 
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aliquots taken for the determination of total crude fatty acids, nitrogen, 
moisture, and total vitamin Bs. The analyses were carried out in dupli- 
cate on the pooled samples by the following procedures: total crude fatty 
acids, a modified Liebermann procedure (10); nitrogen, a standard macro- 
Kjeldahl procedure, the factor 6.25 being used to obtain protein content; 
moisture, drying in A. O. A. C. aluminum dishes for 5 hours in an electric 
oven set at 105°; total vitamin Bz by the yeast microbiological procedure 
of Atkin et al. (11). 

Individual determinations of the activity of liver glutamic acid dehydro- 
genase were carried out in duplicate by the manometric method of Copen- 
haver et al. (12) with the following modifications. By experimental trial 
it was found advantageous to equilibrate the system with a 95 per cent Oo-5 
per cent CO» mixture for a period of 20 minutes rather than with air for 6 
minutes. Semicarbazide was omitted from the medium, since there was 
some evidence that this substance decreased O2 uptake even after purifica- 
tion. The original authors (12) indicated the questionable value of semi- 
carbazide in the reaction mixture. Diphosphopyridine nucleotide was ex- 
tracted and purified from fresh bakers’ yeast (Standard Brands) by the 
method of Neilands and Akeson (13) and was standardized by the spectro- 
photometric procedure of Gutcho and Stewart (14) for use in the mano- 
metric measurement of enzyme activity. 


EXPERIMENTAL 


Study of Liver Protein Synthesis—Forty-eight rats of both sexes were 
divided into four groups comparable with respect to number, sex distribu- 
tion, and an initial average body weight of 116 gm. All groups were pro- 
vided with the basal diet and with desoxypyridoxine. Two groups were 
further provided with pyridoxine. Drinking water was supplied to all 
animals ad libitum. After 16 days of experimental feeding, about 70 per 
cent of the liver (the left lateral and median lobes) was removed from each 
rat of a control and a deficient group of fourteen animals each according 
to the method of Higgins and Anderson (15). The survival rate of the 
partially hepatectomized animals was 75 per cent and eleven deficient and 
ten control rats remained. The dietary regimens were continued for a 
further period of 12 days, when the animals were sacrificed in the non-fast- 
ing state by intraperitoneal administration of butylone in saline. It should 
be noted that, at the time the animals were sacrificed, severe acrodynia, the 
external deficiency sign, was evident in those animals not provided with 
pyridoxine. The degree of liver regeneration was determined by weighing 
the regenerated livers of hepatectomized animals. Liver analyses were 
carried out. The results of this study are set down in Tables I and II. 

Study on Liver Glutamic Acid Dehydrogenase—Twelve rats were divided 
into two groups comparable with respect to number, sex (four males and 
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two females), and an initial average body weight of 70 gm. Both groups 
were provided with the basal diet, and one group was further provided with 


TaBLeE I 


Changes in Body and Liver Weight and Daily Food Consumption of Control and 
Vitamin B,-Deficient Rats 














Average daily | Average weight | j 
| food consumption = “Asa average | Liver weight “SS 
a a es ns a I, 8 | 8 — 100 | 
| removed | liver | Body weight | regen- 
Before | After | Bader | ‘Alte | liver weight | | erated 
“etee operation a operation) > 
gm. |: om gm. | gm. gm. 9 gm. | per cent | 
+Be | 10.5 7.8 5.1 0.4 | 8.8 | 4.9 
—Bs 1025. ||, &.8 | 2-2 0.2 Pb 8S.) 5.8 | 
+B* | 8.5 | 5.2 3.8 | 1.1 | 5.4 5.7 | 3.9 | 65 
=B* | “6:8 | 62 | 14°) @F | es 5.3 | 4.4 | 67 
* Partially hepatectomized. 
TaBLeE II 


Levels of Total Crude Fatty Acids, Protein, Moisture, and Total Vitamin By in Liver 
_# Control and Vitamin Bg-Deficient Rats 


Total crude 





Group fatty acids | Protein | Moisture Total vitamin Be 
nme: wees re re oer 
per cent | per cent per cent | v? eam moist 
+Bez 3.3 | 20.0 | 75.5 | 7.0 
—Bs 3.2 18.6 | 74.7 4.3 
+B,* 3.1 19.4 77.6 7.3 
—B,* 220 17.0 | 76.6 4.0 


* Partially hepatectomized. 


TaB_e III 
Activity of Liver Glutamic Acid Dehydrogenase of Pair-Fed Control and Vitamin 
Be Deficient Rats* 





Group Range Mean Standard deviation 
+Bs 78-106 | 95.4 10.1 
a | 87-106 | 96 5.8 


* The date are ecprenied : as Oe (nierolitevé of O. per p hiees per mg. of dry 
weight). 


pyridoxine. The average daily food consumption for both groups was 5.7 
gm. per rat. Water was supplied ad libitum. During the experimental 
feeding period, control animals gained on the average 31 gm. as compared 
with 14 gm. for the deficient group. Following 18 to 20 days of experi- 
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mental feeding, the animals were fasted for 18 hours and sacrificed by 
stunning. The liver of each animal was quickly removed in a cold room, 
washed with cold, glass-distilled water, blotted, and a portion of about 500 
mg. accurately weighed into a cold glass homogenizing tube containing 0.5 
cc. of glass-distilled water. The homogenizing tube was immersed in ice 
water and connected to an electric stirrer. After homogenization, the 
contents were made up with glass-distilled water to a volume yielding a 5 
per cent homogenate. The activity of glutamic acid dehydrogenase was 
determined in duplicate on aliquots of this homogenate. The results of 
these analyses are shown in Table IIT. 


RESULTS AND DISCUSSION 


As has been consistently observed in this laboratory, the proportion of 
liver weight to body weight was greater in deficient than in control rats. 
In the 12 days allowed for liver regeneration, the residual tissue in the 
hepatectomized animals increased from about 30 per cent to 65 and 67 per 
cent of the weight of the intact livers in normal control and deficient ani- 
mals respectively. There was, therefore, no significant difference between 
the two groups in the amount of restored liver tissue. This was confirmed 
by the fact that the weight of the regenerating liver, calculated by the 
difference between the weights of each regenerated liver and the estimated 
weights of the lobes remaining after operation, averaged 3.4 and 3.1 gm. 
for the pair-fed control and deficient groups respectively. The analyses of 
liver constituents showed that the proportion of protein, moisture, and 
total crude fatty acids did not markedly differ between the intact and 
regenerated liver tissue of either control or deficient groups. A slight de- 
crease in per cent protein was noted in the livers of the vitamin B,-deficient 
animals, although this was of questionable significance. As has been previ- 
ously observed in this laboratory (1), the concentration of total vitamin B, 
in the liver was decreased in the deficient animals. However, the concen- 
tration of the vitamin appeared to be comparable in the intact liver and in 
the enlarged right lateral and caudate lobes. Since vitamin Bs was not 
provided in the diet, it would seem that the vitamin must have been 
mobilized from extrahepatic tissue to the site of rapid tissue synthesis. 
The possibility exists that this mobilization of vitamin Bg, permitted the 
tissue synthesis to take place. This possibility does not invalidate the 
hypothesis that under conditions of vitamin Bg deficiency induced by di- 
etary means no impairment was noted in the synthesis of tissue and of 
protein. 

No alteration in the activity of liver glutamic acid dehydrogenase was 
observed as a consequence of vitamin Bg deficiency in young rats. Miller 
(16) has offered evidence that liver enzyme proteins, like body and plasma 
proteins, are normally in a state of dynamic equilibrium with the metabo- 
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lites involved in protein synthesis and breakdown. Since vitamin Bg has 
not been implicated as the coenzyme of liver glutamic acid dehydrogenase, 
it would appear that vitamin Bg deficiency did not affect either the synthesis 
or breakdown of the protein moiety of the enzyme. ' 

These findings indicate that vitamin Be deficiency in the rat does not 
affect the synthesis of cellular protein or the maintenance of liver enzyme 
protein. The data of previous reports from this laboratory suggest that 
vitamin Bg deficiency does not significantly alter the levels of carcass 
protein (6) or of total serum proteins (7) in the rat. 


SUMMARY 


Analyses have been made of total crude fatty acids, protein, moisture, and 
total vitamin Bg in the regenerating liver tissue of partially hepatectomized, 
pair-fed control, and vitamin Be-deficient rats. The vitamin deficiency 
did not appear to alter significantly the amount or the constituents of the 
regenerating tissue. Evidence is presented that under conditions of rapid 
synthesis of liver protein vitamin Be is mobilized to the liver from extra- 
hepatic tissue. The glutamic acid dehydrogenase activity of the livers of 
young, pair-fed control and vitamin Be-deficient rats was similar. The 
possible significance of these findings is discussed. 


The assistance provided by a grant from the National Vitamin Founda- 
tion, Inc., is gratefully acknowledged. 
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THE ARGININE DIHYDROLASE SYSTEM OF 
STREPTOCOCCUS FAECALIS 


Ill. THE DECOMPOSITION OF CITRULLINE 


By EVELYN L. OGINSKY anp ROBERT F. GEHRIG 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, February 17, 1953) 


The decomposition of arginine to ornithine, NH;, and CO, by Strep- 
tococcus faecalis has recently been shown to occur by stepwise reaction 
(1-4): first, the formation of citrulline and NH; by arginine desimidase, 
and, second, the breakdown of citrulline to ornithine, NH;, and CO,. 
Similar results on arginine breakdown by Clostridium perfringens were 
reported by Schmidt et al. (5). A previous report from this laboratory 
described some of the characteristics of the arginine desimidase enzyme in 
crude cell extracts of S. faecalis (6). This paper is concerned with the 
second process, 7.e., the decomposition of citrulline. Since this may not 
be a single step reaction, we have termed the enzyme system involved 
“citrullinase” as a convenient and temporary name referring to the over-all 
reaction. It would seem preferable to reserve more specific nomenclature 
for component enzymes when separation of these is achieved. Two re- 
ports on the characteristics of this reaction have appeared. Knivett (7) 
reported that S. faecalis cells treated with acetone or cetyltrimethylam- 
moniumbromide (CTAB) were capable of attacking citrulline only on the 
addition of ADP! or ATP. Slade and Slamp (3) found ADP or ATP to 
be active and reported in addition requirements for inorganic phosphate 
and for Mg*+* or Mn*+. Our results are in agreement with these data and 
with several other characteristics of the citrullinase system, particularly 
AMP activation, reported in a more recent paper by Slade (8), which ap- 
peared after the preparation of this manuscript. However, our data indi- 
cate that ADP and ATP are effective because cell preparations also con- 
tain apyrase or ATPase activity, and that AMP would appear to be the 
actual compound involved, since esterification of inorganic phosphate into 
labile phosphate occurs during the course of the reaction. 


Methods 
S. faecalis, strain F24, was grown for 16 hours at 37° on complex medium 
(4) or on the synthetic medium of VanDemark (9). The methods for 


1 Abbreviations employed hereafter: AMP, adenosine-5-phosphate; ADP, adeno- 
sinediphosphate; ATP, adenosinetriphosphate; BAL, British antilewisite or 2,3-di- 
mercaptopropanol. 
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preparation of cell suspensions and of acetone-dried cells were those pre- 
viously described (4). The substrates, L-arginine and bi-citrulline,? were 
neutralized to approximately pH 6 before use. The breakdown of citrulline 
was measured by CO: formation at 37° in the Warburg apparatus, with 
nitrogen as the gas phase. There was a plateau of maximal activity from 
pH 4.5 to 6.2; the experiments were run in most cases at pH 5.5 in 0.033 
M or 0.066 Mm acetate buffer. H SO, was tipped in from the side arm to 
terminate the reaction and liberate bound CO2. In several experiments, 
NH; production was determined by Russell’s method (10), and these re- 
sults were in close agreement with the CO: determinations. Only the data 
on the latter are reported. Inorganic phosphate was determined by the 
Fiske-Subbarow method (11) unless otherwise noted, and labile phosphate 
(A; P) by hydrolysis of the sample in 1 nN HCl at 100° for 10 minutes prior 
to assay for inorganic phosphate. The adenine derivatives employed were 
commercial preparations.’ 


Results 


Earlier studies (4) had shown that, while whole cell suspensions ex- 
hibited very slow liberation of CO: from citrulline in comparison to argi- 
nine, acetone-dried cells acted on either substrate with equal rapidity. 
It was concluded that this difference was due to impermeability of the 
intact cell wall to citrulline. Study of the citrullinase system was therefore 
largely restricted to work with acetone-treated preparations, although some 
data obtained with whole cells are included where pertinent. 


Effect of Adenine Derivatives 


In contrast to Knivett’s report (7), our acetone-treated preparations 
were capable of releasing CO: from citrulline without supplementation. 
However, on addition of various adenine derivatives to either whole or 
acetone-treated cells, only adenosine stimulated the citrullinase activity of 
the whole cells, while AMP, ADP, and ATP markedly increased the ac- 
tivity of the acetone preparations (Table I). The stimulatory effect of 
the latter compounds was more sharply delineated after dialysis of the 
preparation against distilled water for 48 hours in the refrigerator. The 
dialyzed preparation was tested in the presence of added Mgt-, since ex- 
periments reported below indicated a requirement for this ion. Undialyzed 
preparations apparently contain adequate amounts of Mgt+, since they 
exhibit only slight stimulation on its addition. 


2 L-Arginine hydrochloride was obtained from Merck and Company, Inc., and 
pL-citrulline from the Nutritional Biochemicals Corporation. 

3 Adenine sulfate, Eastman Kodak Company; adenosine and adenosine-3-phos- 
phoric acid, Schwarz Laboratories, Inc.; AMP, Ernst Bischoff Company, Inc.; ADP 
(as the Ba salt) and ATP (as the Na or Ba salt), Sigma Chemical Company. 
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The higher activity of AMP suggested that ADP and ATP were active 
because they could be dephosphorylated to AMP. Incubation of ADP or 
ATP with these acetone-dried preparations of S. faecalis, in the absence of 
citrulline, did result in the release of inorganic phosphate. Mg*t+ markedly 
increased the rate of breakdown. It is not yet known whether this repre- 
sents activity of an apyrase or of an ATPase and an enzyme acting on 
ADP, since the results obtained thus far with crude preparations have not 
distinguished between the two possibilities. However, 2 moles of inorganic 
PO, are released per mole of ATP, thus providing AMP for the citrullinase 


TABLE I 
Effect of Adenine Derivatives on Citrullinase Activity 





| | Acetone preparation 
Whole cells a a 





ae | | Undialyzed Dialyzed 
a | , ne a ae ae 
| Qco, (N) | Qco, Qco, 
Dib tinenumor tee | 1225 fee ean ae 
eee REE ORF Peer ee eee cere | 1255 | 6.2 2.5 
ROONOSING 6 <:cacrsk we oN crane | 1460 | 7.1 3.9 
Adenosine-3-phosphate.............. 1290 | 6.9 2.8 
|i 11 eae ee SORES Gob RMS CAE! Tabor, fat 1330 18.0 19.4 
BIE SOG Sok SI Se des ae ee | 14.6 
), 1 Ye EER SE Teme A eth AeA nT S | 1340 | 15.0 18.2 





Column A, 1.0 ml. of 0.2 m phosphate buffer, pH 6.5, 0.2 ml. of cell suspension 
containing 0.2 mg. of bacterial N, 40 um of L-arginine, 3 um of each supplement; H.O 
to3.0ml. Column B, 1.0 ml. of 0.2 m phosphate buffer, pH 6.5, 5 mg. of preparation, 
40 um of px-citrulline, 3 um of each supplement; H.O to 3.0 ml. Column C, 0.5 ml. 
of 0.2 m acetate buffer, pH 5.5, 10.7 mg. of preparation dialyzed 48 hours, 40 um of 
pL-citrulline, 10 um of MgCle, 10 um of K phosphate, 10 um of each supplement; HO 
to3.0 ml. All components in the center cup, except for cells or preparation tipped 
in from the side arm at 0 minute. 


reaction. Studies of the ATP and ADP dephosphorylation systems are in 
progress. 


Effect of Inorganic Phosphate 


The addition of inorganic PO, stimulated the citrullinase activity of 
dialyzed acetone preparations in the presence of Mg++ and either AMP or 
ATP, as shown in Table II. The addition of Mg**, in the absence of 
added PO,, to the ATP-supplemented preparation caused a marked increase 
in CO, formation, but this effect was absent in the AMP-supplemented 
preparation. This effect appears to be due to activation of ATP break- 
down by Mgt, thus providing both the inorganic PO, and AMP require- 
ments. This dialyzed preparation contained only 0.15 um of inorganic PO, 
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per mg., and subsequent experiments demonstrated that approximately 
0.8 uM per mg. was needed for pronounced activity in the presence of 

















TaB_e II 

Effect of Inorganic PO, and Mg**+ on Citrullinase 
Experiment No. 3 um ATP 10 uu AMP 10 um Mgt 10um PO, | Qco, 
1 - _ - - 1.8 
= - - 4.9 
= asi 46 = 2.2 
_ - _ + 1.0 
+ - + ~ 14.8 
te — = —- 12 
et = =i + 22.9 
2 = = | = = 1.9 
- + | - _ 1.0 
= _ | + - 0.3 
— - - ao 1.6 
- + + = 0.7 
| + _ + 12.5 
7,2 ee, one + 26.9 











0.5 ml. of 0.2 m acetate buffer, pH 5.5; in Experiment 1, 12 mg., in Experiment 2, 
5 mg. per cup of a preparation dialyzed 48 hours, tipped in from the side arm at 0 
minute. 


TasieE IIT 
Comparison of Citrulline Decomposition, Inorganic P Uptake, and Labile P Formation 








savgimet | enn | coy meu | Teagan? | mewaicy | Later | table F pe 
min. | uM | uM uM uM uM 
1 10 2.2 SS | 
20 | 3.4 3.3 0.97 | 
2 0 | 1.9 $1 | 1.40 | 1.9 | 1.00 
opr ga a ee Se 
3* | o -| a 2.0 | 1.00 
| 


Parallel series in Warburg flasks and test-tubes for all experiments. 0.5 ml. of 
0.2 m acetate buffer, pH 5.5, 10 mg. of preparation, 4 um of K phosphate, 20 um of 
pL-citrulline, 20 um of AMP, 10 um of MgCl.; H.0 to 3.0 ml. 0.3 ml. of 100 per cent 
trichloroacetic acid added to tubes at appropriate times in Experiments 1 and 2; 
cell preparation removed by centrifugation in Experiment 3. 

* P determinations by the method of Lowry and Lopez (12). 


AMP. Higher concentrations of inorganic PO, increased the reaction rate 
further, but not proportionately. 
The requirement of the reaction for AMP and inorganic PO, suggested 
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that esterification of the phosphate occurred. Assays for inorganic and 
A; P clearly evidenced uptake of inorganic and formation of A; P in equi- 
molar amounts. In order to determine the ratio of P esterified to citrulline 
decomposition, the reaction was run with excess citrulline, AMP, and PO,, 
and stopped after 10 minutes incubation to prevent ADP and ATP de- 
phosphorylation, which is markedly inhibited by AMP. The data pre- 
sented in Table III show that under these conditions equimolar ratios of 
CO: release, inorganic P uptake, and labile P formation obtained. If the 
reaction was run for 20 minutes or longer, the ratio of P:CO, decreased, 
since P, once esterified, was returned to the inorganic P pool. 

No inorganic PO, was esterified in the presence of either citrulline or 
AMP alone if dialyzed preparations were employed; undialyzed prepara- 
tions esterified small amounts in the presence of citrulline, presumably 
because of endogenous AMP. Since these data had been obtained by the 
Fiske-Subbarow method, it was considered possible that, if a labile phos- 
phate ester of citrulline was formed in the absence of AMP, its presence 
might have escaped detection because of acid hydrolysis during protein 
precipitation and P determination. However, when cell preparations were 
incubated with citrulline and inorganic PO, in the presence or absence of 
AMP and removed by centrifugation at 20,000 X g at 0° rather than by 
trichloroacetic acid, the Lowry-Lopez assay method (12) also gave no evi- 
dence for PO, esterification without AMP. No acyl phosphate was de- 
monstrable by the method of Lipmann and Tuttle (13). 


Effect of Various Cations 


The requirement of citrullinase for Mg++ was apparent with either whole 
or dialyzed preparations, but more strikingly demonstrable with the latter 
(Table II). Mnt could be substituted for Mgt*+. Since Mg** also had 
a stimulatory effect on the rate of ATP breakdown, part of its effect in 
reaction mixtures supplemented with ATP may well lie in the increased 
AMP formation in the presence of Mgt+. However, it is also specifically 
required for the citrullinase reaction itself, since Mg** increased equally 
the rate of esterification of inorganic phosphate and of citrulline break- 
down in short term experiments, similar to those reported in Table III. 

The following cations were tested for their effect on citrullinase, at 0.001 
M concentration as chlorides, in the presence of 0.03 m MgCl,: Al***, Cut, 
Cot+, Mn++, Hg++, Zn++, and Fe+++. The presence of Cut+ caused 55 
per cent inhibition; Hgt+, 100 per cent inhibition. The pattern suggested 
that —SH groups were required for enzyme activity, and the hypothesis 
was confirmed by reversal of Hgt* inhibition with either glutathione or 
BAL. The results of one such experiment on glutathione reactivation 
of a preparation pretreated for 30 minutes with p-chloromercuribenzoate 
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(CMBA) are shown in Table IV. Similar results were obtained when 
HgCl, was employed as the inactivating agent. 





TaBLE IV 
Reactivation of CMBA-Treated Preparation with Glutathione 
Qco, ; glutathione (1 X 1073 m) | P | Pp 
cMBA | Gia) Eiht 

1 OEE ee 19.2 19.3 | | 
205 | SLL SE a a en 1.6 | 16.3 | 92 | 83 
el eA EI ie ee 11.8 | 19.1 | 39 100 
re) ee ee i a | 100 
5! | lel ea ae a A AR 15.2 19.2 21 100 
| i em 18. 19.5 | 5 100 
Ce at a a ne a ee a 18.8 19.5 | 2 100 





Pretreatment with CMBA. 15 mg. of preparation per ml. incubated with an 
appropriate concentration of CMBA at 37° for 30 minutes. Citrullinase activity 
determination, 0.5 ml. of phosphate buffer, pH 6.5, 12 mg. of preparation, 40 um of 
pL-citrulline, 3 um of ATP, 10 um of MgClo, 30 um of glutathione; H.O to 3.0 ml. 





TABLE V 
Effect of Arsenate on Citrullinase Activity 
Qco, 
Supplement = ee ae eee eee et Eee ee 2 
Undialyzed Dialyzed 120 hrs. 

OU Re Oe RE A, 2 | 1:6 0 

ee | 6.4 0 

UNS 2 ae ter 2.8 0 

loti hae) <0 SS ra ae 24.4 0 
sa wi) | a Ae 27.2 7.0 
ee eee er ee ee 28.0 31.1 
eS PS ile fais Phd Moran ccs 28.8 30.2 





0.5 ml. of 0.2 M acetate buffer, pH 5.5, 8 mg. of preparation, 40 um of pu-citrulline, 
20 um of K phosphate, 20 um of AMP, 20 uo of Na arsenate, 10 um of MgCl.; H.0 to 
3.0 ml. 


Effect of Fluoride and Arsenate 


Several compounds which act as enzyme inhibitors were tested for their 
activity on citrullinase, at 1 X 10-2 mM concentration, with an acetone 
preparation supplemented with ATP, Mgt+, and inorganic PO,. At this 
concentration, fluoride exhibited 100 per cent inhibition, while hydroxyl- 
amine, semicarbazide, arsenite, arsenate, azide, and cyanide did not de- 
crease the reaction rate. The fluoride inhibition dropped to 50 per cent at 
1 X 10 Mm and to 10 per cent at 1 X 10“. 
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Arsenate addition increased, rather than inhibited, the citrullinase ac- 
tivity of undialyzed or dialyzed preparations. Further experiments dem- 
onstrated that addition of arsenate obviated the requirement for addition 
of AMP, Mg**, and inorganic PO, (Table V). Dialysis for 5 days inac- 
tivated the AMP-requiring system, but did not affect the rate of citrulline 
breakdown in the presence of arsenate alone. The dialyzed preparation 
operating in the presence of arsenate alone exhibited the same degree of 
inhibition by CMBA and by fluoride as did the undialyzed preparation 
with AMP, PO,, and Mgt*. The effect of arsenate on the P: CO, ratio 
of a reaction system supplemented with AMP, Mgt+, and PO, was ex- 
plored, by use of an undialyzed preparation and 20 minutes incubation. 
In the presence of AMP, Mgt, and PO,, 2.3 um of inorganic PO, were 
removed, 2.7 um of labile PO, were formed, and 3.2 um of CO> were released. 
With these supplements plus arsenate, the corresponding amounts were 1.1, 
1.3, and 6.8 uM. 


DISCUSSION 


These data make possible consideration of the sequence of reactions 
which occur, and of the possible intermediates, during the decomposition 
of citrulline to ornithine, NH;, and CO: by S. faecalis. It seems likely that 
a phosphate (or arsenate) ester of citrulline is first formed, presumably by 
the addition of inorganic phosphate (or arsenate). This “esterification” 
mechanism is stable to dialysis, does not require added Mgt*, and is in- 
hibited by CMBA and fluoride. The negligible PO, uptake and COs for- 
mation in the absence of AMP suggest that the phosphate ester is split 
concomitantly and, necessarily, with phosphate transfer to AMP by an 
Mg*+-requiring system, and that the arsenate ester splits spontaneously. 
Since no phosphate uptake is observed in the absence of AMP, the equilib- 
rium of the esterification appears to be markedly on the side of free phos- 
phate and free citrulline. 

The requirement for AMP in the presence of phosphate and the for- 
mation of labile phosphate equivalent to uptake of inorganic phosphate 
strongly suggest that citrulline decomposition via phosphate involves the 
generation of energy-rich phosphate bonds transferable to AMP. At- 
tempts to identify and isolate a citrulline-phosphate (or citrulline-arsenate) 
ester have not been successful. Three possibilities for the formation of 
such an ester from inorganic phosphate are shown in Fig. 1. In structure 
A, the phosphate link resembles that of arginine phosphate, except that 
the imino group of arginine is replaced by a keto group; however, the 
—N—P— bond is known to arise not by de novo synthesis but by transfer. 


In the alternative structures represented by B, the —C—-O—P— bond is 
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comparable to that of phosphopyruvate, its structure is that of an energy- 
rich bond, and its formation, by dehydration, is compatible with known 
mechanisms. 


4: as ie r 1 
i a or a. 
NH -H,0 NH N NH 
| Laie | | 
+~— fie enolization 
® le 
+ HO-P03Hg | + HO-PO3H3 
is 
HCNHg 
| HNH 
COOH | 
i Ria 
CITRULLINE r 
NHg i 
ita Saag 
l 
N 


— 


| 


Fig. 1. Possible intermediates in citrulline breakdown by S. faecalis 


SUMMARY 


1. The enzymatic decomposition of citrulline to ornithine, NH;, and CO, 
by preparations of Streptococcus faecalis results in the formation of an 
energy-rich phosphate bond, transferable to AMP. Per mole of citrulline 
decomposed, 1 mole of inorganic phosphate is esterified into labile (A) 
phosphate. The system requires Mgt+ (or Mn*+), inorganic phosphate, 
and AMP. 

2. Decomposition of citrulline in the presence of phosphate requires a 
system for the transfer of the phosphate to AMP. This system may be 
inactivated by dialysis. 

3. Arsenate will replace phosphate in the system, but under these cir- 
cumstances AMP and Mg** are not necessary. Dialysis does not affect 
the activity in the presence of arsenate. 

4. Possible mechanisms and intermediates are discussed. 
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A NEW METHOD FOR CANNULATING THE PORTAL VEIN OF 
DOGS* 


By A. E. DENTON, 8S. N. GERSHOFF,t ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, May 8, 1953) 


During a study on rate of release of amino acids in vivo from proteins we 
found it necessary to obtain samples of blood from the portal vein of dogs. 
Several different techniques have been employed to withdraw blood from 
this vein. Dent and Schilling (1) used a modification of the original can- 
nulation technique of London (ef. (1)). Bessman e¢ al. (2) withdrew blood 
from the portal vein of anesthetized cats after inserting a two-way cannula 
with a side arm. Bierman et al. (3), working with humans given a local 
anesthetic, collected blood from this vein by a percutaneous, transhepatic 
approach. 

In order to maintain our experimental animals in as normal a condition 
as possible, we did not want them anesthetized during the time the experi- 
ment was being conducted. Likewise, the importance of collecting blood 
from the portal vein anterior to any vein entering it became evident in the 
results of our studies in vitro (4) which indicated that some amino acids 
may be liberated from the protein early in the digestive tract. Wright and 
Wynn (5), working with dogs, found a considerable number of amino acids 
in the free state in the jejunal contents collected from an enterostomy 12 
inches below the pancreatic duct. Therefore, cannulation posterior to the 
gastroduodenal vein may be of little value in detecting amino acids ab- 
sorbed from the duodenal region of the intestines. Since the portal vein 
had to be cannulated at that particular point, we found our method more 
suitable. 


Materials and Method 


In our experiments the portal veins of 12 to 18 kilo mongrel dogs were 
cannulated by inserting one end of a plastic tubing into the vein and bring- 
ing the other end to the outside of the animal. Polyethylene tubing (PE 
90)! was tried first, since it had been employed successfully in intravenous 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from Wilson and Company, Chicago, 
Illinois. 

+ Present address, Department of Nutrition, Harvard University, Boston, Massa- 
chusetts. 

1 Clay-Adams Company, Inc., New York 10. 
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therapy. This type of tubing was not flexible enough to be brought to the 
outside of the dog at the most desirable position. If bent sharply, the 
tubing would collapse, making it impossible to withdraw blood from the 
vein. Although Tygon tubing (formulation S22-1)? has been used success- 
fully in intravenous therapy, we could not obtain any that was small 
enough to be placed directly into the vein. The most suitable tubing found 
for our work is Genflex plastic tubing (catalogue No. 603).? This is a very 
flexible, transparent tubing which in our experiments has been kept in dogs 
for a period of at least 3 months with very little change in physical proper- 
ties. 

The tubing was coated with Silicone (SC 87)‘ before being placed in the 
vein, since this procedure appeared to reduce the tendency for blood to clot 
in the tubing. Sterilization of the tubing was accomplished by placing it 
in a Zephiran chloride solution (1:1000) for 18 hours. The tubing will 
harden and become translucent if left in contact with the Zephiran chloride 
for a longer period of time. 

Food was withheld from the dogs 18 hours before inserting the cannula, 
but they were given a complete ration immediately after the operation. 
Nembutal was used for anesthetization of the dogs. 

The portal vein was exposed through a ventral mid-line incision. Be- 
fore the tubing was placed in the vein, a small amount of connective tissue 
was separated from the vein at a position approximately 1 inch from the 
liver. The separated connective tissue was gathered with a loose suture, 
which allowed the portal vein to be exposed through the loop of connective 
tissue, and a No. 12 hypodermic needle containing the tubing was placed 
into the vein through the loop. The suture was tightened immediately to 
reduce the flow of blood from the vein and the tubing was pushed into the 
vein until the end was near the liver. After the needle was removed and 
the suture tightened further around the tubing, saline was immediately 
infused through the tubing to wash out the blood and prevent clotting. 
There was very little blood lost from the vein during the insertion of the 
cannula. A loop, in the form of a knot, was made with the tubing and 
sutured to the connective tissue around the vein. The loop merely allowed 
the tubing to be secured more firmly to the connective tissue. The other 
end of the tubing was brought out of the abdomen under the skin, hooked 
to a wire probe, and worked up to a point behind the shoulder, where it 
was brought to the outside of the animal. At this position the tubing could 
be easily secured and was very accessible. The tubing was filled with 
saline, tied off, and fastened to the dog with a small piece of adhesive tape. 
A canvas harness was placed on the dog to protect the cannula. 

2U.8. Stoneware Company, Akron 9, Ohio. 


3 General Cement Manufacturing Company, Rockford, Illinois. 
4 General Electric Company, Chemical Division, Pittsfield, Massachusetts. 
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We have been able to keep the cannula working for a period of 6 to 8 
weeks. At this time a clot will form on the end of the tubing and, although 
the dog is in a healthy condition and saline can be infused through the 
tubing, one is unable to withdraw blood, apparently because of the one-way 
valve-like action of the clot. Work is being done at the present time to 
alleviate this difficulty. We are planning to use heparin rather than saline 
in the tubing to determine whether this will prevent the clotting. 


EXPERIMENTAL 


2 weeks after inserting the cannula some preliminary experiments were 
conducted to determine the value of assaying plasma from the portal vein 
for amino acids at various times after feeding. Food was withheld from 
the dogs 18 hours before feeding the experimental rations, and on the day 
of the experiment the dogs were given a definite amount, usually 200 gm., 
of a complete ration containing 16 per cent protein. The ration was mixed 
with a small amount of water and fed by stomach tube. Approximately 
10 ml. of blood were withdrawn from both the portal and radial veins 
immediately before and at various times after feeding the ration. The 
plasma was separated from the red blood cells by centrifugation and the 
plasma proteins were precipitated according to the method of Hier and 
Bergeim (6). Amino acids were determined in the protein-free plasma by 
the micromethod for microbiological assay described by Henderson e¢ al. 
(7). Each sample was assayed twice for the ten essential amino acids, and 
in each assay the amino acids were determined in duplicate at three differ- 
ent levels. The following microorganisms were used for determining the 
amino acid composition of the plasma: Lactobacillus delbrueckii 3 for ar- 
ginine; Leuconostoc mesenteroides P-60 for histidine, isoleucine, lysine, and 
methionine; Lactobacillus arabinosus 17-5 for leucine, phenylalanine, trypto- 
phan, and valine; and Streptococcus faecalis for threonine. 


RESULTS AND DISCUSSION 


The graphs in Fig. 1 show the increase in the concentration of amino 
acids in the plasma from the portal and radial veins after feeding casein. 
There was an increase in the concentration of all ten amino acids measured 
and these four graphs are representative of the increases. The increase in 
the concentration of the amino acids in the portal vein was approximately 
proportional to the amount fed in the form of protein. A future report will 
show the concentration of ten amino acids in the portal vein after feeding 
various proteins. One can readily observe that the amino acids can be 
detected in much larger quantities in the portal vein than in the radial 
vein after feeding a complete ration in which casein serves as the source of 
protein. This phenomenon has been observed thus far in five dogs fed 
various proteins. The difference in the concentrations of the amino acids 
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in the portal and radial veins is undoubtedly due to removal of the amino 
acids from the plasma as well as to a dilution effect. Because the amino 
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Fig. 1. Concentrations of isoleucine, leucine, lysine, and valine in the portal and 
radial veins after feeding casein. 200 gm. of ration containing 19 per cent casein fed 
at 0 hour. 








acids are present many times in very low concentrations in the plasma from 
the radial vein, the accuracy of the determination of the amino acid compo- 
sition is greatly decreased. 
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10 SUMMARY 


” A method for introducing a cannula into the portal vein of dogs has been 
described. Some studies have been conducted to determine the value of 
obtaining samples of plasma from the portal vein after feeding experimental 
rations. It has been observed that a much greater increase in the concen- 
tration of amino acids can be detected in the portal vein than in the radial 
vein at various times after ingestion of a meal. 
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POLYPEPTIDE FORMATION BY REACTION OF 
N-CARBOXYAMINO ACID ANHYDRIDES IN 
BUFFERED AQUEOUS SOLUTIONS* 


By R. R. BECKER{ anp MARK A, STAHMANN 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 5, 1953) 


It seems to be generally believed that the N-carboxyamino acid an- 
hydrides are hydrolyzed in aqueous solution to the parent amino acids (1). 
In studying the synthesis of lysine polypeptides (2, 3), it was found that 
ammonia served well as an initiator of the polymerization, but that water 
was a poor initiator. This suggested that the N-carboxyamino acid an- 
hydrides react much faster with amino compounds than with water and 
led us to undertake experiments to determine the extent of polymerization 
in aqueous buffered solutions. The results reported in this paper showed 
that the anhydrides could indeed be polymerized to form polypeptides in 
high yields when the aqueous solutions were buffered near neutrality. 





R O 
| VA 
CH—C R 
| * —CO, 
O + H.O — | CH—COOH | ————> 
wee ie 
NH—C NH—COOH 
\ 
O 
(D) (II) 
R R R R 
| 
| Lees ieee at | 
CH—COOH > CH—CO—} NH—CH—CO |NH—CH—COOH 
—(n + 1)CO; | 
NH, NH, n 
(IID) (IV) 


Polymerization in Aqueous Solution—A reaction scheme for the polymeri- 
zation of N-carboxyamino acid anhydrides in water is presented. The 
initial step in the reaction in water is the hydrolysis of the anhydride (I) 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 


periment Station. Supported in part by a research grant from the Herman Frasch 
Foundation. 
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to form the unstable N-carboxyamino acid (II), which spontaneously de- 
carboxylates to form a molecule of the amino acid (III). It has been be- 
lieved that in water the reaction stopped at this step (1). However, when 
the solution is buffered near neutrality, the first amino acid molecules that 
are produced react with a 2nd molecule of anhydride, and by repetition of 
this series of reactions polypeptides are formed. For significant polymeri- 
zation, the reaction with the amino group must be much faster than that 
with water. This is shown to be the case in Fig. 1, where the rates of 
carbon dioxide evolution from reaction mixtures of N-carboxy-pL-pheny]- 
alanine anhydride in citrate buffer and in the presence of diglycylglycin- 
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Fic. 1. Effect of diglycylglycinamide on the rate of reaction of N-carboxy-pL- 
phenylalanine anhydride. O, 0.01 mm diglycylglycinamide, 0.05 mm N-carboxy- 
pi-phenylalanine anhydride, 1 ml. of 0.1 M citrate buffer, pH 6.0, 10°; @, control. 


amide are plotted. Water was present in 5000-fold excess over the amide 
initiator; yet the amide doubled the rate of carbon dioxide evolution. 

Experiments to determine the extent of polymerization of several of the 
N-carboxyamino acid anhydrides were carried out in 1 per cent reaction 
mixtures at 37° in M/15 phosphate buffer at pH 7.4. Analysis of the solu- 
ble portion of the reaction mixtures by the ninhydrin method (4) gave 
values which indicated that the percentages of N-carboxyamino acid an- 
hydrides which had polymerized were as follows: glycine 95, L-leucine 92, 
pL-phenylalanine 86, and y-ethyl L-glutamate 91. 

Experiments in which the reaction was carried out in phosphate buffer 
at pH 7.4 and the insoluble and the soluble reaction products were analyzed 
for total and amino nitrogen permitted the calculation of the average pep- 
tide size. The data summarized in Table I show that the extent of poly- 
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merization is increased markedly by the buffer. In the absence of buffer, 
the insoluble polypeptides from N-carboxyglycine anhydride account for 
only 24 per cent of the total products and contain an average of 7 amino 
acid residues per molecule. In buffer, the insoluble polypeptides account 


TaBLeE I* 


Extent of Polymerization of N-Carboryamino Acid Anhydrides in Phosphate Buffer 
and in Water 














Insoluble Soluble 
N-Carboxyamino acid anhydride ; 
Per cent | Mol. wt.| icheth | Sida’ | Mol. wt. | (chain 
Glycine (no buffer)........... 24 | 410 | 7 75 | 80 1.4 
er ee eed, Pea ber 87 | 730 | 12 14 | 16 | 2.9 
en SEEN Avenegers ee 90 | 950 | 7 10 | 180 | 1.6 
y-Ethyl u-glutamate.......... 81 | 2580 | 17 2 | 470 | 3.0 





Polymerized in M/15 phosphate buffer, pH 7.4, 25°; anhydride concentration, 2 
per cent. 

*The molecular weight and chain length values (average number of amino acid 
residues) in this and all subsequent tables are number average values, and are based 
on end-group analyses for a-amino nitrogen. 











TaBLeE II 
Effect of pH upon Polymerization of N-Carboxyglycine Anhydride 
* pH Per cent soluble Chain length 
5.7 37 2.0 
6.1 29 2.1 
6.6 21 2.6 
6.9 19 2.6 
Gel 20 3.0 
7.3 22 3.7 
7.6 25 3.7 











100 mg. of N-carboxyglycine in 5 ml. of 0.1 m phosphate buffer; ionic strength, 0.3. 


for 87 per cent of the total and contain an average of 12 residues per mole- 
cule. 

The effect of pH upon the extent of polymerization of N-carboxyglycine 
anhydride was studied by allowing the anhydride to react in phosphate 
buffers of constant ionic strength covering the pH range from 5.7 to 7.6 
and then analyzing the soluble portion of the reaction mixtures for total 
and a@-amino nitrogen. The data summarized in Table II show that the 
pH of maximal polymerization occurred at 6.9, although the differences 
over the range from pH 6.6 to 7.6 were small. 
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The effect of pH upon the rate of precipitate formation is shown in Fig. 
2. The data were obtained by measuring the increase in turbidity of 


25 











OPTICAL DENSITY 














20 30 


MINUTES 
Fig. 2. Rate of precipitate formation in reaction mixtures of N-carboxyglycine 
anhydride at various pH values. @, 0.25 m phosphate buffer, pH 6.5, 7.0; O, pH 


6.0; X, pH 7.5; A, 0.8 m borate buffer, pH 8.9; A, 0.2 m acetate buffer, pH 3.8. All 
buffers adjusted to ionic strength 1.0 with NaCl. 











TaBLe III 
Effect of Buffer on Extent of Polymerization of N-Carboxyglycine Anhydride 
Buffer pH Chain length Per cent soluble 
O:l'we phosphate... 6... soc. oes 6.1 2.4 26 
0.36 m cacodylate................. 6.1 1.1 96 
SAP SNMIORUO Ti. scene dee sce ee 6.1 4.0 73 
205 0 CHPATOS i... cece eee e es 6.1 2.2 37 
0.1m phosphate................... 6.7 2.4 21 
0.14 m arsenate................... 6.7 1.4 56 
0.05 ‘‘ pyrophosphate............. 6.7 2.4 22 
0.1 m phosphate................... 6.9 3.1 18 
Aho MMAMIBRUG sg bec apsancies nese 6.9 73 











100 mg. of anhydride in 5 ml. of buffer; ionic strength, 0.3. 


solutions of N-carboxyglycine anhydride in phosphate buffer and show that 
the reaction proceeds most rapidly between pH 6.5 and 7.0, in agreement 
with the data of Table II on the extent of polymerization. At pH 3.8 
and 8.9 very little polymerization occurred. 

The type of buffer ion had a profound effect upon the amount of poly- 
merization, as shown by the data of Table III. In phosphate buffer at 
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pH 6.1, only 26 per cent of the reaction products were soluble; in cacodylate 
buffer of the same pH and ionic strength, 96 per cent of the products were 
soluble, and 80 per cent of this soluble fraction was glycine. Of the buffers 
investigated, polymerization proceeded to about the same extent in phos- 
phate and pyrophosphate buffers, somewhat less in citrate, arsenate, and 
maleate, and almost not at all in cacodylate. When N-carboxyglycine 
anhydride was polymerized in phosphate buffers at pH 6.9 and an ionic 
strength of 0.25, the amount of soluble products was 22 per cent of the 
total. At an ionic strength of 0.25 the amount of soluble products was 22 
per cent of the total. At an ionic strength of 3.0 and the same pH, 32 per 
cent of the products were soluble. 


EXPERIMENTAL! 


Synthesis of N-Carboxyamino Acid Anhydrides—The acylated amino 
acids used in the syntheses were carbobenzoxyglycine (5), carboethoxy- 
glycine (6), carbobenzoxy-L-leucine (7), carbomethoxy-.-leucine (8), carbo- 
allyloxy-L-leucine (9), carbobenzoxy-pL-phenylalanine (7), and carboallyl- 
oxy-DL-phenylalanine (9). N-Carboxyglycine anhydride was prepared by 
shaking 30 gm. (144 mm) of carbobenzoxyglycine and 33 gm. (160 mm) of 
PCI; in about 250 ml. of ether in an ice bath for 35 minutes. The small 
amount of unchanged PCI; was filtered off, the ether solution concentrated 
to a syrup in vacuo at 35°, ether again added, and the solution concentrated. 
White crystals separated. The product was again taken up in ether, con- 
centrated again, and washed thoroughly with dry ether. Yield, 10.3 gm.; 
71 per cent of theory. The anhydride begins to decompose at about 100°. 
In essentially the same manner, N-carboxy-L-leucine anhydride was pre- 
pared in 30 per cent yield, m.p. 76-77.5°; N-carboxy-p.-phenylalanine 
anhydride in 80 per cent yield, m.p. 126-128°. N-Carboxy-y-ethyl L- 
glutamate anhydride was kindly provided by Mr. M. Green (10). 

Polymerization Reactions—In preliminary experiments 50 mg. of each of 
the N-carboxyamino acid anhydrides of glycine, L-leucine, pi-phenylala- 
nine, and y-ethy] L-glutamate were polymerized in 5 ml. of M/15 phosphate 
buffer at pH 7.4 and 37°. After centrifugation, the soluble portion of the 
reaction mixtures was analyzed by the ninhydrin method (4), with the 
color yield from the corresponding amino acid as a standard. In later 
experiments, 500 mg. of the N-carboxyamino acid anhydrides of glycine, 
L-leucine, and y-ethyl L-glutamate in 25 ml. of m/15 phosphate buffer at 
pH 7.4 were allowed to react for 48 hours; the insoluble products were 
separated by centrifugation, washed, lyophilized, and analyzed for average 
chain length in the manometric Van Slyke apparatus, modified with an 
auxiliary reaction chamber (11). The supernatant solutions were analyzed 


1 All melting points are uncorrected. 
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for total nitrogen (12) and for amino nitrogen (13). From these data, 
calculations of average chain length of the soluble and insoluble products 
were made. These data are summarized in Table I. 

Effects of pH, Ionic Strength, and Type of Buffer—The relative reaction 
rates of N-carboxyglycine anhydride at various pH values were determined 
by following the increase in turbidity of a reaction mixture containing 100 
mg. of the anhydride in 10 ml. of buffer at about 2°. Turbidity measure- 
ments were made at intervals with a Beckman model B spectrophotometer 
at 465 muy. 

The effect of pH on the extent of polymerization was determined by 
adding 5 ml. of 0.1 m phosphate buffer, ionic strength 0.3, to tubes contain- 
ing 100 mg. of N-carboxyglycine anhydride. After 24 hours at room tem- 
perature, the precipitates were separated by centrifugation and the super- 
natant solutions analyzed for total and amino nitrogen. The experiments 
to determine the effect of ionic strength were carried out in the same man- 
ner except that phosphate buffer at pH 6.9 was used and the ionic strength 
adjusted with sodium chloride. In the experiments dealing with the effect 
of different buffer ions the ionic strength was adjusted to 0.3 with NaCl, 
the molarities being such that half the ionic strength was contributed by 
buffer ions and half by the NaCl. 


DISCUSSION 


In unbuffered aqueous solutions, the carbon dioxide formed by the initial 
hydrolysis of the N-carboxyamino acid anhydrides rapidly lowers the pH 
of the reaction mixture. This drop in pH reduces the concentration of 
un-ionized amino groups available for subsequent acylation to a point at 
which little polymerization can occur. Thus, in acetate buffer at pH 3.8, 
over 98 per cent of the reaction products from glycine anhydride were 
soluble, indicating very little polymerization. When the pH is high, the 
rate of hydrolysis is increased so that in a reaction mixture buffered at 
pH 8.9 over 92 per cent of the reaction products were soluble, again indi- 
cating little polymerization. The large increase in polymerization ob- 
served when buffers near neutrality were used is due to the fact that the 
hydrolysis reaction is then relatively slow, and yet in this pH range enough 
amino groups remain un-ionized to allow the faster acid-catalyzed acylation 
reaction to predominate. Thus the pH for optimal polymerization repre- 
sents a balance between these factors. 

It is of interest to note that the optimal pH range for polymerization of 
N-carboxyamino acid anhydrides is essentially the same pH range found 
within living cells. Furthermore, among the various buffer ions examined, 
polymerization predominated in those which are physiologically important, 
such as phosphate, and was very low in others, such as cacodylate. 
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The N-carboxyamino acid anhydrides have been suggested as possible 
intermediates in biological peptide bond formation; however, the chief 
objection to their possible implication has been that they were thought to 
polymerize only in media poor in water (14, 15). Although there is no 
direct evidence to support their biological réle, they polymerize as readily 
as other compounds proposed as models for peptide bond formation by 
Chantrenne (16, 17), Sheehan and Frank (18), and Wieland (19). The 
carbamino acids may be formed from amino acids under relatively mild 
conditions, but a biological mechanism which would lead to anhydride 
formation in aqueous systems is not known. Nevertheless, since the N- 
carboxyamino acid anhydrides polymerize to form polypeptides in dilute 
aqueous solutions at a temperature, pH, and ionic strength similar to those 
of physiological conditions, it would seem that this system would merit 
consideration as a synthetic model in studies of the biological synthesis of 
peptides. 


We wish to acknowledge with grateful thanks the technical assistance of 
Mrs. E. G. Wood who prepared many of the N-carboxyamino acid an- 
hydrides used in this study. 


SUMMARY 


The N-carboxyanhydrides of glycine, L-leucine, y-ethyl L-glutamate, and 
pL-phenylalanine were spontaneously polymerized in aqueous buffered so- 
lutions to form polypeptides in high yields under essentially physiological 
conditions of pH and temperature. The average chain length of the in- 
soluble polypeptides formed varied from 7 for L-leucine to 17 for y-ethyl 
L-glutamate. The reaction with N-carboxyglycine anhydride proceeded 
best at pH values near neutrality and in phosphate, pyrophosphate, or 
citrate buffer, and, to a lesser extent, in maleate, arsenate, or cacodylate 
buffer. 
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PROTEIN MODIFICATION BY REACTION WITH 
N-CARBOXYAMINO ACID ANHYDRIDES* 


By R. R. BECKER{ anp MARK A. STAHMANN 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 5, 1953) 


In the preceding paper (1) it was shown that N-carboxyamino acid anhy- 
drides readily polymerize in aqueous buffered solutions and that the rate of 
polymerization is increased by the use of a peptide amide initiator. The 
amino groups of proteins also initiate polymerization. Such a reaction as 
shown by the accompanying equations results in the addition of unsub- 
stituted amino acids and peptides to the protein molecule. 
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Experiments in which large amounts of glycine were attached to bovine 
plasma albumin and to chymotrypsin in aqueous solutions at pH 7.4 are 
described in this paper. A preliminary description of this new method for 
adding amino acids and peptides has already been published (2). 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 


periment Station. Supported in part by a research grant from the Herman Frasch 
Foundation. 


+ Present address, Chemistry Department, Columbia University, New York. 
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EXPERIMENTAL 


Polyglycyl Bovine Plasma Albumin—10, 21, and 43 mg. of N-carboxy- 
glycine anhydride were weighed into 15 ml. Pyrex centrifuge tubes, and to 
each were added 10 ml. of 1 per cent Armour’s crystalline bovine plasma 
albumin in M/15 phosphate buffer at pH 7.4. Three control tubes were 
also prepared; the first contained 43 mg. of anhydride and 10 ml. of phos- 
phate buffer, the second, 20 mg. of glycine and 10 ml. of the protein solu- 
tion, and the third, the protein solution only. Reaction mixtures in the 
presence of protein developed a slight turbidity; in the absence of protein, 
the mixture became very turbid and a heavy precipitate separated within 
5 minutes. After 4 hours, the reaction mixtures were centifuged at 17,000 
X g for 1 hour and the supernatant solutions decanted. 5 ml. of each of 


TaBe I 
Treatment of Bovine Plasma Albumin with N-Carboxyglycine Anhydride 











N-Carboxyglycine anhydride Toate lt “Seem — ae — 
mg. | ] moles moles 
10 90 7.3 5.1 
21 115 | 12.7 8.7 
43 145 | 19.2 13.3 
43* 0 | 
0 | 55 
20 (Glycine) | 55 








Anhydride added to 10 ml. of 1 per cent bovine plasma albumin in m/15 phosphate 
buffer, pH 7.4, 25°. 
* Buffer only. 


the supernatant solutions were dialyzed for 49 hours at 3-5° against 400 
ml. of phosphate buffer, pH 7.4, and the dialysates stored for analysis. The 
dialysates were hydrolyzed in 6 N HCl in sealed tubes in the autoclave for 
16 hours. After removal of the HCl, the pH was adjusted to 6.5 and the 
solutions were analyzed for total N (3) and for glycine by the colorimetric 
chromotropic acid method of Krueger (4). 

The data of Table I show that the amount of glycine attached to the 
protein was dependent on the amount of anhydride used. That centrifu- 
gation and exhaustive dialysis effectively removed the insoluble and soluble 
reaction by-products is shown by the data from the control experiments. 
When the highest level of anhydride used in the treatments was polymer- 
ized in the absence of protein and the reaction mixture then carried through 
the same procedure as the treated samples, no detectable nitrogen was 
found in the final solution. The control, in which glycine was added to 
the protein solution, showed no significant increase in glycine content. 
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In another experiment, 800 mg. of N-carboxyglycine anhydride were 
allowed to react with 1 gm. of bovine plasma albumin in 100 ml. of m/15 
phosphate buffer at pH 7.3. The reaction mixture was first cooled to 
about 2°, the anhydride added and pulverized, and the flasks placed on a 
shaker. In 30 minutes, the solutions had warmed to 25° and carbon diox- 
ide evolution was quite vigorous. After 1 hour, the solution was turbid, 
and no further carbon dioxide evolution could be observed. 4 hours after 
the start of the experiment, the small amount of precipitate was removed 
by centrifugation at 17,000 X g for 40 minutes. The supernatant solu- 
tions, which were stored at 4° overnight, became slightly turbid in 12 hours 
and were recentrifuged. The control and treated supernatant solutions 
were then exhaustively dialyzed against water at 4°. 50 ml. of each di- 
alysate were lyophilized, and about 70 ml. were frozen. The treated pro- 
tein solution contained 1.34 mg. of N per ml., the control solution 1.19 mg. 
of N per ml.; the lyophilized products weighed 400 and 350 mg., respec- 
tively. 

Polyglycyl Chymotrypsin—Crystalline chymotrypsin was treated simi- 
larly, with the same quantities of anhydride and protein as in the preceding 
experiment, with the exceptions that the reaction was allowed to proceed 
for 24 hours, the samples were centrifuged only once, and an added control 
was carried out. This control consisted of a reaction mixture from the 
polymerization of anhydride alone, which was then mixed with chymo- 
trypsin, both at the same concentrations as those used in the treatments. 
The dialyzed samples were frozen for storage. The control solutions con- 
tained 0.95 mg. of N per ml., and the treated samples 1.18 mg. of N per ml. 

Glycine Analysis—The analytical method for glycine used in the first 
experiments (Table I) was not considered entirely satisfactory, because 
glycine recoveries from serum albumin were low. For this reason, the 
data of Table II were obtained by separation of the amino acids on Dowex 
50 (5) and by analysis according to the method of Moore and Stein (6). 
The separation realized in the analysis of chymotrypsin and polyglycyl 
chymotrypsin and the relative size of the glycine peaks are shown in Fig. 
1, where amino acid concentration is plotted against the collection tube 
number. Calculation of the glycine content of bovine plasma albumin 
from such a separation gave a value of 1.9 gm. per 100 gm. of protein, as 
shown in Table II. The values reported vary from 1.8 to 2.0 gm. per 100 
gm. of protein when determined by starch chromatography (4) and micro- 
biological assay (7). In experiments in which the glycine and alanine 
were not completely separated, the difference between their combined peaks 
in the treated protein hydrolysates and the control hydrolysates was taken 
as the amount of glycine added to the protein. 

The data of Table II show that the increase in glycine content of the 
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albumin was almost 10-fold. The molecular weight of the protein had 
been increased by about 12 per cent, as calculated from the amount of 























TaBLe IT 
Reaction of N-Carboxyglycine Anhydride with Bovine Plasma Albumin and with 
Chymotrypsin 
Glycine Glycine | Give; Giycies: 
Reactants* — Mol. wt. a ; per mole arc 
protein protein protein | protein 
gm.  mades moles moles 
CAUUT LECT CU Papa leg le il ROR 1.9 69 ,000 26 18 
> and anhydride............. 18.3 77 , 600 244 189 171 
GRVIMGUPY REN io feos eco diic eben ee oi 6.8 27 ,000 89 24 
eS and anhydride........ 22.3 39 , 200T 297 90 66 
ee ‘¢ polyglycine...... 6.7 27,000 | 89 24 0 











* The reaction mixture contained 800 mg. of anhydride or polyglycine from 800 
mg. of anhydride per 100 ml. of 1 per cent protein in M/15 phosphate buffer at pH 
7.4. 

¢ Calculated from the glycine added. 
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Fig. 1. Determination of glycine by chromatography. O, hydrolysate of poly- 
glycyl chymotrypsin. The shoulder is due to incomplete separation of alanine. @, 
hydrolysate of chymotrypsin. The left peak is glycine; the right, alanine. 

Fic. 2. pH-titration curves for bovine plasma albumin and polyglycyl bovine 
plasma albumin. O, bovine plasma albumin; X polyglycyl bovine plasma albumin. 


glycine added. A similar increase was found for the polyglycyl chymo- 
trypsin. 

Although it was known that the extent of polymerization of N-carboxy- 
glycine anhydride was greatest at about pH 6.9 (1), the reactions with 











™ 


poly- 
®, 


ovine 
umin. 


ymo- 


DOXxy- 
with 





R. R. BECKER AND M. A. STAHMANN 749 


the proteins were carried out at pH 7.4 so that more of the amino groups 
would not be ionized. At this pH it was expected that most of the e-amino 
groups would be in the unreactive ionized form. On the other hand, the 
a-amino groups should not be ionized, and on this basis should readily react 
with the anhydride. Reaction of the anhydrides with a-amino groups 
results in lengthening the original peptide chains of the protein. However, 
evidence that some ¢-amino groups were acylated was obtained from the 
pH-titration curves of polyglycyl albumin. 

pH-Titration of Polyglycyl Bovine Plasma Albumin—3 ml. of the dialyzed 
protein solutions (1.10 and 1.34 mg. of N per ml. for bovine plasma albu- 
min and polyglycyl bovine plasma albumin, respectively) and 1 ml. of 
0.60 m NaCl were titrated with NaOH; an ultramicro burette, a magnetic 
stirrer, and a Beckman model G pH meter were used. A water control 
was similarly titrated. 


Taste III 
e-Amino Groups in Bovine Plasma Albumin and in Polyglycyl Bovine Plasma Albumin 














No. of e-amino groups per mole 
Potentiometric 2,4-Dinitro- 
titration fluorobenzene 
Bovine plasiia albumin: .. 23.05. 205.2022 61 | 71 
Denatured bovine plasma albumin................ | 67 
Polyglycyl zs he Osaki otoe tied oleae 39 | 40 





The pH-titration curves for bovine plasma albumin and polyglycyl bo- 
vine plasma albumin are shown in Fig. 2. The large magnitude of the 
shift (Fig. 2) justified calculations to give an estimate of the groups titrated. 
These calculations were essentially like those of Tanford (8). The results 
indicated five a-amino groups and 61 e-amino groups in the albumin and 
twenty-seven a-amino groups and thirty-nine e-amino groups in the poly- 
glycyl albumin. It is not possible to arrive at any conclusions as to 
whether or not the imidazole groups have reacted by titration. However, 
the data indicate that about twenty-two e-amino groups have been acylated 
and, necessarily, about twenty-two a-amino groups have appeared in their 
place. 

To confirm these results, the dinitrophenyl derivatives of albumin, 
heat-denatured albumin, and polyglycyl albumin were prepared, and the 
amounts of e-2 ,4-dinitrophenyl-.-lysine determined by the method of San- 
ger (9, 10). The amount of protein in the dinitrophenyl derivatives was 
calculated on the basis of the groups present in the albumin that react 
with 2,4-dinitrofluorobenzene. The results obtained, together with those 
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calculated from the titration data, are shown in Table III. Although the 
lysine value is slightly higher than that from the amino acid analysis (5), 
the difference in the number of e-amino groups in the albumin and the 
polyglycyl albumin by the two methods is in reasonable agreement. The 
data from potentiometric titration and reaction with 2,4-dinitrofluoro- 
benzene indicate that about one-third of the «-amino groups of bovine 
plasma albumin has been acylated. 


DISCUSSION 


In this modification of proteins by reaction with N-carboxyamino acid 
anhydrides, the reaction (A) of the first molecule with an amino group of 
the protein, followed by decarboxylation (B), results in the addition of 1 
amino acid residue. This amino acid residue may then be acylated by a 
second molecule of the anhydride (C). A repetition of these reactions at 
the amino end lengthens the polypeptide chain attached to the protein. 
The number and size of the polypeptides added are determined by the 
number of available reactive groups, the protein concentration, and the 
amount of anhydride. The polymerization reaction as well as the ioniza- 
tion of the reactive groups of the protein is influenced by the pH. It 
should be possible, then, to vary the number of amino acid residues added, 
the average lengths of the polypeptide chains, and, to some extent, the 
sites acylated by carrying out the reaction at different hydrogen ion con- 
centrations and with different amounts of anhydride. As the pH is low- 
ered, the e-amino groups are ionized before the a-amino groups, and, since 
the anhydrides react with un-ionized amino groups, it would seem likely 
that at some pH the reaction would take place predominantly with the 
terminal a-amino groups of the protein. This then provides a means for 
chemically lengthening the peptide chains of proteins. 

The titration data and the data obtained by the use of 2, 4-dinitrofluoro- 
benzene show that a considerable number of the e-amino groups have been 
acylated by the N-carboxyglycine anhydride at pH 7.4. It is not known 
whether other reactive groups of the protein may also have reacted. How- 
ever, if it is assumed that only amino groups have reacted, then the data 
indicate that the glycine in the polyglycyl serum albumin is attached in 
the form of peptides of an average length of about 7 glycine residues. 

In the reaction of N-carboxyglycine anhydride with bovine plasma al- 
bumin and with chymotrypsin, the modified proteins were recovered in 
quantitative yields. In both cases, the products were completely soluble 
and no sign of denaturation was observed. In preliminary electrophoresis 
experiments, the bovine plasma albumin and polyglycyl bovine plasma 
albumin migrated as single peaks, and, on this basis, showed comparable 
homogeneity. 
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A preliminary determination of the sedimentation behavior of the poly- 
glycyl bovine plasma albumin in the Spinco analytical ultracentrifuge was 
made. It was found that the polyglycyl albumin sediments with at least 
95 per cent of the protein in a single peak, and a secondary peak that 
sediments slightly faster. The Soo,» values at 1 per cent protein concen- 
tration were 4.11 S (average value) for the unmodified protein and 4.58 S 
(average value) for the polyglycyl albumin. The ratio of the sedimenta- 
tion constants found was approximately what would be expected from the 
amount of glycine added to the albumin. 

The polyglycyl bovine plasma albumin was readily precipitated by anti- 
sera prepared against the original protein, but at a rate slightly less than 
that with the normal albumin. The precipitates formed from the antisera 
and the modified or unmodified albumins were quantitatively of similar 
composition on the basis of the albumin content of the polyglycyl protein. 
The esterase activity of the polyglycyl chymotrypsin was determined by 
manometric assay with tyrosine ethyl ester as substrate. It was found 
that esterase activity had been retained. 

The reaction has been applied to other N-carboxyamino acid anhydrides 
and several proteins. The leucine content of chymotrypsin has been in- 
creased about 30 per cent by reaction of the enzyme with N-carboxy-.- 
leucine anhydride. It appears that the reaction of proteins with the N- 
carboxyamino acid anhydrides is quite general and can be applied to many 
anhydrides and a wide variety of proteins. The ease with which the reac- 
tion occurs under very mild conditions of pH and temperature makes it 
well suited for studies involving labile proteins. By modifying the reaction 
conditions, it should be possible to vary the extent of alteration of the 
proteins and the particular groups acylated. The availability of a variety 
of modified proteins whose amino acid composition has been chemically 
altered should facilitate studies of the effects of amino acid composition on 
not only the biological properties, but also on the chemical and physical 
properties of proteins. 


We wish to thank Mr. D. B. Wetlaufer for carrying out the sedimenta- 
tion analysis, Mr. T. Makinodan for conducting the immunological inves- 
tigation of the polyglycyl bovine plasma albumin, and Mr. J. E. Casida 
for the determination of the enzymatic activity of the polyglycyl chymo- 
trypsin. 


SUMMARY 


The initiation of the polymerization of N-carboxyamino acid anhydrides 
by proteins was shown to result in the attachment of unsubstituted amino 
acids and peptides to proteins. Crystalline bovine plasma albumin and 
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crystalline chymotrypsin were treated with N-carboxyglycine anhydride 
in phosphate-buffered solutions at pH 7.4. Amino acid analysis of the 
modified proteins by ion exchange chromatography showed an increase of 
171 moles of glycine per mole of albumin and of 65 moles per mole of 
chymotrypsin. The yields were quantitative, based upon the protein. 
Both proteins remained completely soluble, with no evidence of denatura- 
tion, the chymotrypsin retained enzymatic activity, and the polyglycyl 
albumin was precipitated by antiserum prepared against normal plasma 
albumin. The glycine was attached as peptides containing an average of 
about 7 amino acid residues. Similar experiments carried out with other 
N-carboxyamino acid anhydrides indicate that the method may be ap- 
plicable to many N-carboxyamino acid anhydrides and to a variety of 
proteins. 
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CATALYTIC ROLE OF GLUTAMATE DERIVATIVES 
IN CITRULLINE BIOSYNTHESIS* 


By SANTIAGO GRISOLIA anp PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 7, 1953) 


Studies with partially purified soluble enzyme preparations from rat 
liver have unequivocally shown the catalytic réle of carbamyl glutamate 
in the biosynthesis of citrulline from ornithine (1-3). CG appeared to be 
highly specific! since none of the other carbamyl or related compounds 
tested could replace it? (5, 6). We have found recently, however, that 
formyl glutamate can substitute for carbamyl glutamate (7). This find- 
ing led us to reinvestigate the specificity of the reaction. We have found 
that, of a large series of compounds tested, the N-acetyl and N-chloro- 
acetyl derivatives of glutamic acid can replace carbamyl or formyl glu- 
tamate. It is further shown in this paper that formyl-, acetyl-, and chloro- 
acetylglutamic acid act catalytically in the biosynthesis of citrulline. 

Localization and Distribution of Enzyme System—The soluble enzyme 
system required for the biosynthesis of citrulline is present in the mito- 
chondrial fraction of the livers of all vertebrates, except birds, so far in- 
vestigated (rat, cow, rabbit, monkey, frog, turtle). Rat liver shows higher 
citrulline synthesis activity per mg. of protein than any other source of 
enzyme thus far investigated. The partially purified Fraction B previ- 
ously described (3) has been used in all the experiments reported here. 

Specificity of Reaction and Affinity of Active Compounds—In addition to 
the compounds previously tested (5, 6), we have found the following com- 
pounds unable to support citrulline synthesis when tested under the con- 
ditions recorded in the legend of Fig. 1 and at the concentration range 


* Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, the Rockefeller Foundation, and the Wisconsin Alumni 
Research Foundation. 

1 The following abbreviations are used in this paper: CG, carbamy] L-glutamate; 
FG, N-formyl t-glutamate; AG, N-acetyl L-glutamate; CAG, N-chloroacetyl t- 
glutamate; ATP, adenosinetriphosphate; MP, muscle preparation as described by 
Ratner and Pappas (4). 

2 The reported small activity (5) with carbamyl-.-alanine was found to be due to 
glutamic acid contamination of the alanine used. Pure carbamyl-t-alanine has 
been found to be entirely inactive. Further studies with other carbamy! deriva- 
tives have shown again the high specificity of carbamyl glutamate. Among the 
new compounds we have tested, carbamyl L-isoglutamine and carbamyl-a-methyl- 
pL-glutamic acid were found to be inactive. 
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of 10 to 20 uM per test:? N-formylglycine, N-formyl-t-alanine, N-formy]- 
L-leucine, N-formyl-L-aspartic acid, N-formyl u-glutamine,* N-formy| 1- 
isoglutamine,‘ imidazolonpropionic acid,‘ formamidinoglutaric acid,‘ N- 
formyl-L-histidine, N-formyl-pu-phenylalanine, N-ethyl-pi-glutamic acid, 
carbobenzoxy-L-glutamic acid, benzoyl-pu-glutamic acid, isobutyry]-L-glu- 
tamic acid monoanilide, acetylglycine, chloroacetylglycine, chloroacety]-.- 
tyrosine, acetyl-pL-phenylalanine, acetyl-pt-methionine, and _ propionyl- 
DL-leucine. 

The effect of concentration of formyl glutamate, carbamyl glutamate, 
chloroacetyl glutamate, and acetyl glutamate on citrulline synthesis is 
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Fia. 1. The effect of formyl glutamate, carbamyl glutamate, chloroacety] glu- 
tamate, and acetyl glutamate concentration on citrulline synthesis. Each tube 
contained the following, expressed as micromoles per 2 ml.: 10 ATP, 10 phosphate 
buffer, pH 7.3, 40 sodium bicarbonate, 20 magnesium sulfate, 20 ammonium chloride, 
10 L-ornithine, 3 mg. of protein enzyme Fraction B; temperature 38°. Incubation 
time, 20 minutes. 


shown in Fig. 1. The curves clearly reveal a higher affinity of the enzyme 
system for acetyl, chloroacetyl, and carbamyl] glutamate as compared with 
formyl glutamate, particularly at low substrate concentration. This ef- 
fect is further reflected in the catalytic ratios obtained under the experi- 
mental conditions of Table I. 


Procedures and Preparations 


Experimental conditions, enzyme preparations, and analytical methods 
employed in these studies have been described previously (3). 


3 When the pt form was used, molarity was calculated on the basis of the L isomer. 
When the compound tested was insoluble, as in the case of chloroacetyl-L-tyrosine, 
it was added as a suspension. 

4Tested also in the absence of free ammonia, and after preincubation with ex- 
tracts of acetone powder of whole liver. 
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N-Formyl-t-glutamic acid,> N-formyl-t-aspartic acid, N-formylglycine, 
N-formyl-L-alanine, and N-formyl-t-leucine were synthesized by Miss R. 
Hanson of this department, essentially according to the procedure of Car- 
ter and West (8). 

N-Formyl] derivatives of L-glutamine, L-isoglutamine, L-histidine, DL- 
phenylalanine, and imidazolonpropionic acid were generously donated by 
Dr. A. H. Mehler and Dr. H. Tabor of the National Institutes of Health. 


TABLE I 


Catalytic Réle of Formyl Glutamate, Acetyl Glutamate, and Chloroacetyl Glutamate in 
Synthesis of Citrulline 





Citrulline formed 


‘ ‘ | ; : Ratio,* 
Glutamic acid Incubation time om 





derivative _citrulline _ 
added —~ ; ame ae . glutamic acid 
Ohr. | 0.5 hr. 1 hr. | 3 hrs. | 5 hrs. 7 hrs. derivative 
uM | BM | MM uM | BM | BM | MM 
0.25 FG..........| 0.0 | ae} a8 1.9 7.6 
Biche eed | 0.0 | | i ap gee yp oe 7.6 
ae a ee 7.0 
06 8 cscs oh a | | 5.5 | 9.0 | 11.8 5.9 
0.10AG.........| 0.0 2.9 6.1 | 16.8 | 20.0 200.0 
Se 0.0 | 5.8 | 12.1 | 19.3 | 20.0 | 80.0 
0.50 “.......... 0.0 | 10.3 | 19.8 | 20.0 | 20.0 40.0 
Ree 0.0 | 20.0 20.0 | 20.0 | 20.0 | | 20.0 
ee a 0.0 | 20.0 | 20.0 | 20.0 | 20.0 | 10.0 
POM... 0.0 | 12 | 21 | 6.4 | 10.5 | 105.0 
BI inecenvvd SM ye 5.5 | 15.4 | 19.9 | 79.0 


Each tube contained the following, expressed as micromoles per 3 ml.: 15 ATP, 
30 p-3-phosphoglycerate (20 more were added when incubation was prolonged beyond 
3 hours), 15 phosphate buffer, pH 7.3, 60 sodium bicarbonate, 30 magnesium sulfate, 
30 ammonium chloride, 20 L-ornithine, 3 mg. of MP, 10 mg. of protein enzyme Frac- 
tion B; temperature 38°. 

* Calculated from the maximal values of citrulline synthesis obtained. 


Formamidinoglutaric acid was a gift from Dr. H. Waelsch, Columbia 
University. 


Acetyl-L-glutamic acid was purchased from the H. M. Chemical Com- 
pany, Ltd., Santa Monica, California. 


‘We reported previously that formyl glutamate was practically inactive (6). 
However, Dr. A. H. Mehler, who had independently synthesized formyl glutamate 
by a method practically identical with that used by us, found a melting point of 
99-100° instead of 178-180° previously reported by us, and kindly let us have some 
of his product. Upon reexamination, we found that the preparation originally used 
by us (6) was in fact not formylglutamic acid, and most probably was pyrrolidone- 


carboxylic acid. The formylglutamic acid used in the present studies had a melting 
point of 99-100°. 
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Chloroacetyl-L-glutamic acid was prepared according to Fischer et al. (9), 

Carbobenzoxy-t-glutamic acid was obtained from Dr. M. A. Stahmann, 
and benzoyl-pt-glutamic acid and isobutyryl-.-glutamic monoanilide from 
Dr. K. P. Link, University of Wisconsin. 

Chloroacetylglycine, chloroacetyl-L-tyrosine, acetylphenylalanine, acety]- 
DL-methionine, and propionyl-pt-leucine were prepared by the late Dr. H, 
T. Hanson of this department. 

N-Ethyl-pu-glutamic acid was synthesized by Dr. N. Lichtenstein of 
The Hebrew University, Jerusalem. 

Carbamyl-e-methyl-pi-glutamic acid was obtained from Dr. K. Pfister, 
Merck and Company, Inc. 


We wish to thank the donors of all the above compounds for their gen- 
erosity. 


DISCUSSION 


It is apparent that a number of N-acyl derivatives of glutamic acid can 
replace carbamyl glutamate. However, as will be described elsewhere,’ 
the mechanism of action of these compounds appears to be similar to that 
described for carbamy] glutamate (3). 

Whether or not the same enzyme system activates carbamyl glutamate, 
chloroacetyl glutamate, acetyl glutamate, and formyl glutamate remains 
to be investigated. Preliminary evidence indicates, however, that at least 
one of the enzymes of the system might be common to both carbamyl 
glutamate and formyl glutamate, since it is possible because of the low 
affinity for formyl glutamate to demonstrate under suitable conditions 
competitive inhibition of citrulline synthesis by formyl glutamate in a sys- 
tem with low levels of carbamyl glutamate.*® 

From a consideration of the compounds so far found active, it appears 
that the glutamic acid portion is required specifically, and that the amino 
group substituent must possess a carbonyl group. Further, it appears that 
the carbonyl group must be capable of enolization. It is not clear, how- 
ever, why N-formyl glutamate is a less active compound than CG, AG, 
or CAG, 

All these studies are ultimately directed toward achieving an understand- 
ing of the detailed mechanism of activation of the active glutamate de- 
rivatives. This will entail determining the structures of the active inter- 
mediates formed from AG, CAG, FG, and CG. As has been pointed out 
previously (3), the main difficulty is that the active intermediate formed 
from CG (Compound X) is very unstable. Recent studies of the active 
intermediate formed from FG reveal it also to be highly unstable with a 


6 Grisolia, S., and Cohen, P. P., to be published. 
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half life of 46.2 minutes in solution at 38°. However, work in progress on 
glutamate derivatives selectively labeled with deuterium’ and degradation 
studies of hydroxylamine and hydrazine derivatives of highly purified 
Compound X have advanced our knowledge of the possible structure of the 
intermediate.® It will now be possible to apply the same methods to the 
new intermediates formed from CAG, AG, and FG, once they have been 
obtained in pure form. 

It remains to be established as to which compound is involved in the 
biosynthesis of citrulline in the cell. To this end we are reinvestigating 
the nature of the active compound which is formed during incubation of 
glutamate in properly fortified washed residues of rat liver (5, 6). The 
evidence so far is consistent with an acyl derivative of glutamate. 


SUMMARY 


The over-all enzymatic reaction ornithine — citrulline can be catalyt- 
ically mediated in a properly fortified enzyme system by N-formyl, N- 
chloroacetyl, or N-acetyl glutamate derivatives, in addition to carbamyl 
glutamate. Catalytic ratios up to 200 moles of citrulline synthesized per 
mole of acetyl glutamate have been obtained at 3.3 X 10-5 m final concen- 
tration for the latter compound with partially purified enzyme prepara- 
tions. 


Addendum—Since this manuscript was submitted for publication, it has been 
found that propionyl L-glutamate has 80 per cent the activity of carbamyl glutamate 
under the conditions indicated in the legend of Fig. 1. The following compounds 
have been found to be inactive: phenylacetyl L-glutamate (kindly donated by Dr. 
Emil L. Smith), trichloroacetyl, butyryl, isobutyryl, and valeryl t-glutamate, glycyl 
L-glutamate, carbobenzoxyglycyl u-glutamate (kindly donated by Dr. Emil L. 
Smith), streptogenin (kindly donated by Dr. D. W. Woolley), and carbamyl] pyri- 
doxamine. 
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PROTEIN METABOLISM IN THE CHOLINE-DEFICIENT RAT 
I. EFFECT OF CHOLINE ON SERUM PROTEINS 


By MARIE A. FISCHER ann GENE C. GARRITY 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pittsburgh, Pittsburgh, Pennsylvania) 


(Received for publication, October 10, 1952) 


Unless the choline content is sufficient to supply all of the required 
methyl groups, the amount of choline in a diet apparently determines the 
quantity of methionine used for protein synthesis and the quantity reserved 
for use as a methyl donor. This concept is supported by Treadwell’s 
demonstration (1) of the growth-stimulating effect of choline and Salmon’s 
observation (2) that the nutritive value of protein can be improved by 
incorporating choline into a deficient diet. In the present study, electro- 
phoretic patterns of sera from rats fed a choline-deficient diet were com- 
pared with those from rats fed choline supplements in addition to the 
basal diet. The data showed that an 18 per cent casein diet did not pro- 
vide all of the factors essential for the maintenance of normal serum albu- 
min concentration and that the kidney damage of severely deficient animals 
caused the concentrations of the a-globulins and one of the 6-globulins of 
the sera to increase. 


EXPERIMENTAL 


Diet—The choline-deficient diet had the following composition: 18 per 
cent casein,! 20 per cent hydrogenated vegetable oil,? 57.7 per cent sucrose, 
4.0 per cent salt mixture (U.S. P. XIII), and 0.3 per cent L-cystine. The 
vitamin supplements added to each kilo of diet were 30 mg. of inositol, 
5 mg. of thiamine hydrochloride, 5 mg. of pyridoxine, 5 mg. of riboflavin, 
10 mg. of calcium pantothenate, 20 mg. of nicotinic acid, and 10 mg. of 
a-tocopherol acetate (in 0.25 ml. of corn oil). All of the animals were fed 
1 drop of cod liver oil concentrate® every other day. 

Experimental Animals—Female rats of the Sherman strain were taken 
from our stock colony. When they were 22 and 23 days old, they were 
distributed into groups consisting of fifteen to twenty-five animals each. 
The larger groups were used when a high mortality was anticipated. The 
animals in the same group were caged together. Diets were fed ad libitum. 

' Vitamin-free, Nutritional Biochemicals Corporation. 

2 Crisco. 

> Natola, Parke, Davis and Company. 
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Four experimental series were studied: Series I, basal diet; Series IT, basal 
diet + 2 mg. of oral supplement of choline chloride on each day of the 
experiment; Series III, basal diet + 6 mg. of oral supplement of choline 
chloride on each day of the experiment; Series IV, basal diet + 6 mg. of 
oral supplement of choline chloride on the 6th and subsequent experimental 
days; and Series V, laboratory chow.‘ 

In each series, a group of animals was sacrificed by decapitation on 
almost every day of the 15 day experimental period. The blood was col- 
lected into a single beaker and allowed to clot. The serum was decanted, 
centrifuged, and examined in the electrophoresis apparatus. In some cases 
(Series I and Series III) the lipide phosphorus content of the serum was 
determined by the method of Fiske and Subbarow (8). 

The livers and kidneys of animals in the same group were removed. The 
kidneys were examined for gross evidence of hemorrhagic enlargement. 
The livers were ground together in a mortar and two aliquots of the pool 
were removed for the determination of total lipide by the method of Ship- 
ley, Chudzik, and Gydérgy (4) and in Series I and III for lipide phosphorus 
(3). 

Electrophoresis—After diluting 4 ml. of serum with 8 ml. of Veronal 
buffer (pH 8.6, 1 = 0.1), the sample was dialyzed against 2 liters of the 
same buffer for 1 hour (5). A field strength of 8.0 volts per cm. was 
applied for 180 minutes to separate the protein components of the serum. 
Because the albumin and a-globulin fractions are more sharply defined on 
the ascending pattern than they are on the descending side, and because 
the 6-globulin fraction separates into two distinct peaks only in the rising 
arm, all measurements of the total area and of the areas of the individual 
components were confined to the pattern of the rising boundaries. 


RESULTS AND DISCUSSION 


The data in Table I show that the basal diet was deficient in choline 
because the livers of the animals in Series I became fatty and, on the 6th 
day, renal lesions were evident. A daily supplement of 2 mg. of choline 
chloride (Series II) prevented, to a large extent, the damage to the kidneys 
but had a lesser effect on fat deposition in the liver. When the daily 
supplement was raised to 6 mg. (Series III), liver fat was only slightly 
greater than normal (Series V) and the kidney lesions were completely 
prevented. These results are in agreement with those of Griffith and 
Mulford (6) and will be used as the basis for correlating the signs of choline 
deficiency with certain changes in the serum protein fractions. 

Serum Albumin—Low levels of serum albumin in choline-deficient ani- 
mals could result from (1) inadequate protein intake, (2) decreased syn- 


4 Ralston Purina Company. 
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thesis of albumin by the fatty liver, or (3) loss of albumin through the 
damaged kidneys. Fig. 1 shows that, regardless of whether choline was 
administered or not, the serum albumin concentrations in the experimental 
groups were lower than normal during the first 6 days, and that on the 4th 
day a consistent but short lived rise in the albumin area occurred in each 
of the experimental series but not in the normal controls. On the 7th day 
elevated serum albumin levels were again noted. In this case, the rise 
took place in all of the experimental series and in the normal controls and 


TaBLeE I 
Renal Antihemorrhagic and Lipotropic Activity of Choline Supplements 



































Per cent fat in liver Per cent damaged kidneys 
Experimental day eee 
| Series I | Series II |Series III' Series V| Series I | Series II Series Tit, Series V 

Rech eee KR | 5.5 0 | 0 
oh), ag white 9.2 | 7.5 | 8.8 0 0 | 0 
ee | 12.9 8.5 | 6.6 0 0 0 | O 
’ Ree | 16.9 | 13.7 | 5.6 | 5.8 0 0 | 0 | Oo 
Oo intl ie | 14.0 | 11.5 | 7.2 | 5.9 0 0 | Oo 0 
ee: 18.9 | 17.1 | 7.9 | 6.4 33 4 0 | O 
Ee eee: 17.8 | 11.6 | 7.8 | 5.8 92 14 0 | 0 
SE eee: 22.2 | 14.1 | 9.5 | 6.7 89 20 0 | Oo 
ee 19.0 | 19.1 | 88 | 6.6 85 8 0 | Oo 
OR sxscaveeem 18.1 | 10.0 | 8.0 | 56 | 88 ee | 4s 
| Sew aaeee 20.8 | 15.4 | 5.4 | 6.6 88 | o | O 
BR, suse: 16.9 8.2 R. — a 
ree eee m7 -} OF 1 GF “ R | eo | 6 

* Repaired. 


thus cannot be associated with changes in protein metabolism resulting 
from the experimental diet. 

Since choline intake had an insignificant effect upon serum albumin but 
liver lipide was dependent upon the amount of choline administered, it is 
evident that liver fat deposition, per se, had no effect on albumin synthesis. 
Furthermore, it seems unlikely that a dietary imbalance or deficiency (e.g., 
of protein) completely explains the low serum albumin areas noted in the 
first 6 days of the experiment, for by the 7th day the albumin values re- 
turned to normal without any change in the dietary régime. 

Several explanations for this finding can be suggested. For example, the 
metabolism of albumin in the earlier and later days of the experiment may 
differ in rate, or synthesis of albumin may be suppressed in the earlier 
days in deference to the synthesis of other temporarily important proteins 
or to other needs for amino acids. In either case the diet does not ade- 
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quately support albumin synthesis or utilization during the Ist week but 
is able to sustain normal albumin levels after that time. 

Fig. 1, a shows that the development of kidney lesions affected the serum 
albumin area. On the 8th day, 7.e. 2 days after renal damage first became 
evident in the deficient animals, the level of albumin in the serum was 
considerably lower than it was in the choline-treated controls. By the 
12th day the kidneys were in the recovery phase and the albumin concen- 
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Fic. 1. Albumin areas from the electrophoresis patterns of sera from choline-de- 
ficient and supplemented rats. ©, values for normal control animals; @, values for 
the experimental series. (a) Basal diet; (b) basal diet + 2 mg. of choline chloride 
daily; (c) basal diet + 6 mg. of choline chloride daily; (d) basal diet; 6 mg. of the chol- 
ine chloride supplement were given only on the 6th and subsequent experimental 
days. 


tration returned to normal. The data recorded in Fig. 1, d are evidence 
that the renal antihemorrhagic action of choline prevented the decrease in 
albumin concentration. In this experiment, a 6 mg. supplement was given 
to deficient animals on the day on which the kidney lesions were becoming 
evident (6th day) and on each subsequent day. The supplement prevented 
the lesions from becoming severe, and recovery of the kidneys was accel- 
erated. As a result, the albumin area did not decrease on the 8th day as 
it did in deficient animals which were continued on the basal diet. Since 
Griffith has reported (7) that proteinuria is a result of the renal damage 
in choline deficiency, it is likely that loss of protein through the kidney 
caused the lowered serum albumin concentrations on the 8th to the 10th 
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days in the severely affected animals of Series I. However, one cannot 
overlook the fact that inanition in the sick animals may be partly respon- 
sible for the decrease. 

a-Globulins—The outstanding difference between the electrophoresis pat- 
terns of the sera of choline-deficient rats and of protected animals is the 
increased a-globulin content of the sera of deficient rats. Visual inspection 
of patterns taken after kidney lesions have appeared (Fig. 2) shows that 
the concentrations of the a;- and a2-globulins are greater than normal and 
that the a2 fraction is composed of two peaks. No attempt was made to 
make a quantitative determination of the areas of the a2 components 
because the double peak was not observed in the normal or supplemented 
groups. 


CHOLINE:-HCI| SUPPLEMENT 
NONE 2 Mg. DAILY 6 Mg. DAILY 


Fig. 2. Electrophoresis patterns showing the effect of choline supplements on the 
serum proteins. The analyses were made on the 8th experimental day and were 
performed in Verona! buffer (pH 8.6; 4 = 0.1). The time of migration was 180 min- 
utes at a field strength of 8.0 volts cm.!. 


In Fig. 3, additional evidence is submitted that the a;- and as-globulin 
concentrations are related to the choline intake of the animals and thus to 
the amount of kidney damage the animals suffer. The animals of Series I 
received no choline supplements. As a result 90 per cent of them had 
kidney lesions and their a2-globulin areas were twice the normal value by 
the 8th day (Fig. 3, a and b). The kidneys of only a small percentage of 
the animals which were fed 2 mg. of choline chloride a day were visibly 
damaged and the a-globulins in their sera were slightly elevated (Fig. 3, c 
and d). Even though no significance can yet be attached to the finding, 
it is of interest to note that in border-line deficiency the a fraction was 
increased to a greater extent than was the a; area. Both a-globulin com- 
ponents, however, were present in nearly normal amounts in the sera of 
animals to which sufficient choline was administered to prevent kidney 
lesions completely (Fig. 3, e and f), and both globulins were prevented from 
reaching the values seen in the severely affected animals when the admin- 
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istration of the 6 mg. daily supplement of choline chloride was begun on 
the day on which kidney lesions usually appear (Fig. 3, g and h). All of 
the data, therefore, seem to point to the conclusion that renal hemorrhages 
and the subsequent degeneration of kidney tubules (7) are responsible for 
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Fig. 3. a-Globulin areas from the electrophoresis patterns of sera from choline- 
deficient and supplemented rats. ©, values for normal control animals; @, values 
for the experimental series. (a) and (b), basal diet; (c) and (d), basal diet + 2 mg. 
of choline chloride daily; (e) and (f), basal diet + 6 mg. of choline chloride daily; 
(g) and (h), basal diet; 6 mg. of the supplement were given only on the 6th and sub- 
sequent experimental days. 

Fic. 4. The effect of choline deficiency on the serum and liver phospholipides of 
the young rat. @, values for animals fed the basal diet; O, values for animals fed 
the basal diet + 6 mg. of choline chloride daily. 


the presence of increased quantities of a-globulins in the sera of deficient 
rats. 

Increases in the a-globulins of human sera have long been associated 
with “tissue destruction irrespective of its cause’ (8). Similar conclusions 
have been drawn from studies on the injured dog (9) and injured rat (10) 
and, in the rat, the concentrations of the lipides associated with the a- and 
B-globulins were shown to be consistently increased by injury or the ad- 
ministration of toxic agents (11). In the present investigation serum and 
liver phospholipide concentrations were determined on the tissues of rats 
of Series I and III. Fig. 4 shows that from the 5th to the 8th day the 
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liver phospholipide of the choline-deficient animals increased 3-fold and 
that the serum phospholipide decreased at the time at which liver phos- 
pholipide began to increase. This suggests that phospholipide from serum 
was being withdrawn from the blood into the liver. The sudden rise in 
serum phospholipide concentration, after signs of kidney lesions appeared, 
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Fic. 5. B-Globulin areas from the electrophoresis patterns of sera from choline- 
deficient and supplemented rats. ©, values for normal control animals; @, values 
for the experimental series. (a) and (b), basal diet; (c) and (d), basal diet + 2 mg. 
of choline chloride daily; (e) and (f), basal diet + 6 mg. of choline chloride daily; 
(g) and (h), basal diet; 6 mg. of the supplement were given only on the 6th and sub- 
sequent days. 

Fic. 6. y-Globulin areas from the electrophoresis patterns of sera from choline- 
deficient and supplemented rats. O, values for normal control animals; @, values 
for the experimental series. (a) Basal diet; (b) basal diet + 2 mg. of choline chloride 
daily; (c) basal diet + 6 mg. of choline chloride daily; (d) basal diet; 6 mg. of the 
choline chloride supplement given only on the 6th and subsequent experimental days. 


coincided with the abrupt increase in the serum a-globulins. These simul- 
taneous occurrences lead us to believe that the degeneration of kidney 
tubules in choline-deficient rats liberates phospholipide-containing globu- 
lins into the blood stream and that the “liberated choline permits renal 
recovery even though the liver remains fatty” (7). 

8-Globulins—The areas of these fractions are shown in Fig. 5, a to h. 
There is some indication that the 8; component rises after the appearance 
of hemorrhagic kidney lesions in the animals of Series I and, in this respect, 
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this fraction resembles the a-globulins. It has been found that it becomes 
elevated as a result of tissue damage (10, 11). On the other hand, the 
B2 fraction seems to be independent of the kidney lesions encountered jn 
deficient animals. Rather, it appears that the addition of choline to the 
diets (Fig. 5, d and f) caused more variation in the concentrations of this 
protein group than did the omission of choline from the diet (Fig. 5, ¢), 
Furthermore, a delayed administration of choline (Fig. 5, h) caused the 
8 fraction to increase. So far it has not been possible to draw any meaning- 
ful conclusions from these data. 

y-Globulin—The y-globulin concentration (Fig. 6) of the serum of the 
normal controls declined during the first 8 days of the experiment, and 
there does not seem to be any major difference between the data for the 
normal controls, for the unsupplemented groups, and for the animals which 
received a choline supplement throughout the experiment. Fig. 6, d, how- 
ever, shows that administration of choline to deficient animals on the 6th 
and the remaining days of the experiment caused an increase in y-globulin 
area. Since, at the time when the kidneys of deficient rats (Series I) 
repair spontaneously, the livers remain fatty and there is no increase in 
y-globulin, it does not seem reasonable to ascribe the increased y-globulin 
content of the sera of the animals of Series IV to the recovery of the kid- 
neys. Rather, it seems likely that the increase in y-globulin area, which 
was caused by the delayed administration of choline, is related to the 
restoration of the liver to its normal structure and fat content. 


SUMMARY 


1. The albumin concentrations of the sera of choline-deficient rats did 
not differ significantly from those of the choline-fed controls until kidney 
lesions appeared. Then the albumin concentration was lower in the defi- 
cient animals than it was in the controls. 

2. Increases in phospholipide, a-globulin, and B-globulin were demon- 
strated in the sera of deficient animals. There seemed to be a relationship 
between these changes and the degeneration of the kidney tissue. 

3. Serum y-globulin content was not affected by feeding the basal diet 
nor by feeding the basal diet with supplements of choline throughout the 
experiment. However, when choline was administered to deficient animals 
to speed their recovery, the y-globulin concentration increased. 
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ON THE CYCLITOL OXIDIZING ENZYME SYSTEM OF 
ACETOBACTER SUBOXYDANS* 
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Wisconsin, Madison, Wisconsin) 
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The oxidation of various inositols (hexahydroxycyclohexanes) and quer- 
citols (pentahydroxycyclohexanes) and their derivatives by resting cells of 
Acetobacter suboxydans has been studied by Chargaff and his students (1, 
2), who found that the specificity exhibited by the organism toward the 
cyclitols studied was not adequately described by the Bertrand-Hudson 
rules (3) for open chain polyalecohols. This led the Columbia workers to 
formulate new rules describing the steric requirements for cyclitol oxida- 
tion, in so far as these could be ascertained with the substrates available. 
More recently, Posternak and Reymond (4) have repeated Chargaff’s work 
and extended it to the cyclohexanetetrols, the cyclohexanetriols, and lower 
cyclic alcohols. The Swiss workers, who used a Delft strain of A. sub- 
oxydans, largely confirmed the earlier observations on the inositols and 
quercitols, but found that the oxidation of the tetrols and lower alcohols 
did not seem to follow either the Bertrand-Hudson or the Chargaff rules 
consistently. 

The experiments with cyclitol oxidation which have been carried out in 
the authors’ laboratory during the last 3 years involve a number of com- 
pounds not previously reported. In addition, use has been made of the 
cell-free preparation of Acetobacter enzymes described by Franzl and Char- 
gaff (5). The results obtained help to define some of the limitations of 
Chargaff’s rules as they apply to the higher cyclitols, and provide an 
explanation for the supposedly anomalous behavior of 1 , cis-2 ,cis-3-cyclo- 
hexanetriol (y-cyclohexanetriol), which had earlier been studied by Poster- 
nak and Ravenna (6). 


EXPERIMENTAL 


A culture of A. suboxydans, ATCC 621, was kindly furnished by Dr. 
N. K. Richtmyer of the National Institutes of Health. This strain was 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation, and by 
grants from the United States Public Health Service. 

+ Department of Chemistry, Hamilton College, Hamilton, Ontario, Canada. 
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highly active in oxidizing myo-inositol, and was used in all the work to be 
described. The bacteria were maintained on yeast extract-agar slants con- 
taining 0.5 per cent sorbitol (7). When quantities of cells were desired, 
the organism was first subcultured on an unbuffered liquid medium contain- 
ing 1 per cent yeast extract and 5 per cent sorbitol. 800 ml. of the same 
medium were then distributed among eight 500 ml. Erlenmeyer flasks and 
the flasks were stoppered and sterilized. Each flask was inoculated with 
10 ml. of a 24 to 36 hour-old subculture, and shaken on a Gump rotary 
shaker! for 20 hours at 30°. The bacteria were collected by centrifuging 
at 0°, washed three times with ice-cold physiological saline, and stored in 
the frozen state until used. The yield was 10 to 12 ml. of thick suspension 
containing 6 to 10 mg. of bacterial N per ml. 

The oxidation of substrates by the bacterial suspension was carried out 
in the Warburg apparatus as described by Magasanik and Chargaff (1). 


Substrates? 


The structural formulas of the cyclitols and cyclitol derivatives used in 
this investigation are shown in Fig. 1. 

Conduritol (VIII) was isolated from commercial condurango bark essen- 
tially as described by Kern and Fricke (11). As suggested by these au- 
thors, hydrogenation of the mother liquors permitted the recovery of addi- 
tional amounts of material as dihydroconduritol (IV). Dihydroconduritol 
was also prepared by hydrogenating isolated conduritol (12, 13). Adams’ 
platinum oxide was used as the hydrogenation catalyst. 

muco-Inositol (I) was synthesized from conduritol by the method of 
Dangschat and Fischer (12). An attempt to prepare allo-inositol (VII) 
by the method of the same authors failed. 

The preparation of myo-inosamine-2 (IX) and scyllo-inosamine (II) has 
been reported previously (14). 

pi-epi-Inosamine-2 (Via) (15) and pi-myo-inosamine-4 (IIIa) (16) and 
their respective N-acetyl derivatives (VIb and IIIb) were synthesized by 
Mrs. Helga Straube-Rieke of the Institute for Enzyme Research. 

Sequoyitol (V) (17) was isolated from redwood (Sequoia sempervirens) by 
Miss Aurora 8S. Mamauag of this laboratory. 

Pyrogallol was hydrogenated as described by Christian, Gogek, and 
Purves (18) to yield 1 ,cis-2 ,cis-3-cyclohexanetriol (y-cyclohexanetriol, X). 

1 Purchased from the B. F. Gump Company, Chicago, Illinois. 

2 In this communication, all cyclitols having four or more hydroxyls are named 
and numbered according to the system of Fletcher, Anderson, and Lardy (8). The 


suggestions of Epstein and Rossini (9) regarding alkyleycloalkanes have been used 
in the systematic naming of the cyclohexanetriols. 
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DL-1 ,cis-2 , trans-3-Cyclohexanetriol (pL-8-cyclohexanetriol) was also isolated 
from the reaction mixture as its tribenzoate. 

For the preparation of those inositols and derivatives which have also 
been tested with A. suboxydans by Chargaff and coworkers, the reader is 
referred to their papers and to the general literature. 




















TaBLeE I 
Maximal Oxygen Consumption 
| Oxygen consumption | Duration 
Substrate No. of runs| Amount taken} } o a” 
| Average Range sumption 
muco-Inositol (I)* 28t 24 -59 | 2.27 | 1.98-2.56 | 300 
i 3.1- 3.5 | 2.40 | 2.38-2.42 | 135-180 
scyllo-Inosamine (II) jy 3 7.5-9.2| 0.06 | 0.05-0.07 | 135-210 
DL-myo-Inosamine-4 (IIIa) 3 5.8-13.1 | 0.44 | 0.40-0.50 | 180-240 
N-Acetyl-pL-myo-inosamine-4 3 5.6- 7.3 | 0.69 | 0.67-0.72 | 90-120 
(IIIb) | 
Dihydroconduritol (IV)t 4 8.2-15.0 | 1.13 | 1.06-1.18 | 20- 50 
Sequoyitol (V) 2 5.1 0.16 | 0.140.17 | 1208 
2 14.3-15.1 | 0.27 | 0.22-0.32 | 1208 
pu-epi-Inosamine-2 (VIa) | 3 | 11.6-20.6| 0.09 | 0.04-0.12 | 120-180 
N-Acetyl-pL-epi-inosamine-2 | 2 | 4.1- 6.9) 0.02 | 0.01-0.03 120-210 
(VIb) | | | 
Conduritol (VIII){ + | 11.4-13.5 | 1.00 | 0.83-1.12 | 120-360 
myo-Inosamine-2 (IX) 3 7.5- 7.7 | 0.07 | 0.05-0.09 | 80-120 
1,cis-2,cis-3-Cyclohexanetriol | 1 | 12.1 | 1.14 180 
(y-cyclohexanetriol) (X) 








Each Warburg flask contained asuspension of resting cells of A. suboxydans (3 to 5 
mg. of bacterial N), 0.5 ml.; 1/15 m phosphate buffer, pH 6.0, 2.2 ml.; substrate (in 
the side arm), 0.3 ml.; and 10 per cent KOH (in the center well), 0.2 ml. Incu- 
bation was at 37° with air as the gas phase. 

* Preliminary data on the oxidation of this compound were reported by R. 
E. Franzl in a foot-note (2). 

ft One flask per run. 

t These compounds are also reported by Posternak and Reymond (4). 

§ The second run was continued to 240 minutes, at which time oxidation was still 
proceeding at an undiminished rate. 


Results 


In addition to the compounds listed in Table I, p-inositol, L-inositol, 
pinitol, quebrachitol, and 2-desoxy-myo-inositol were tested as substrates 
for resting cells of A. suboxydans. The results obtained by Chargaff et al. 
(1, 2) with these inositols were completely confirmed. The data pertain- 
ing to the hitherto unreported inositols and derivatives are presented in 
Table I. 
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In each run described, two flasks were used for each substrate. In addi- 
tion, two flasks without substrate and two flasks containing about 12 um 
of myo-inositol as the substrate were included. The myo-inositol was uni- 
formly oxidized in 15 to 30 minutes, with an average oxygen consumption 
of 1.10 gm. atoms per mole. With one exception, shaking was continued 
until substrate oxidation had ceased. The oxygen consumption values in 
Table I are corrected for endogenous uptake. 


---- CELL FREE ENZYME ONLY 
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Fig. 2. Oxidation by a cell-free enzyme preparation from A. suboxydans. The 
enzyme was obtained as described by Franzl and Chargaff (5). Each Warburg vessel 
contained: enzyme, 1.0 ml. (= 0.35 mg. of N); 1/15 m phosphate buffer, pH 6.3, 1.7 
ml.; substrate, 0.3 ml. (in the side arm, 11.5 to 18.3 um); and 10 per cent KOH, 0.2 
In the cases indicated, 0.5 ml. of heat-killed bacterial sus- 


ml. (in the center well). 
Incubation was at 37°, with air as the 


pension was added at the expense of buffer. 
gas phase. 


The behavior of y-cyclohexanetriol with the cell-free preparation is shown 
in Fig. 2. In accordance with the observation of Franzl and Chargaff (5), 
the oxidation of cyclitols is minimal in the absence of added heat-killed 
bacteria. On the addition of boiled cells, the oxidation of myo-inositol and 





of the tetrol dihydroconduritol is markedly activated, but the oxidation of 
y-cyclohexanetriol is not increased. It therefore seems clear that the latter 
oxidation is not catalyzed by the oxidase or oxidases which attack the 
higher cyclitols, but by a separate enzyme. 

It may be noted from Table I that four of the cyclitols tried (II, VIa, 
VIb, and IX) were not oxidized by resting cells of A. suborydans. It was 
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of interest to see whether these compounds would inhibit the oxidation 
of myo-inositol. To this end, the free amines II, VIa, and IX were incor- 
porated in the buffer by dissolving them in 85 per cent phosphoric acid and 
diluting and neutralizing to pH 6, and the oxidation of myo-inositol in these 
buffers was then tested as described above. The following levels were 
used (micromoles per flask): scyllo-inosamine (II) up to 425; pL-epi-inos- 
amine-2 (VIa) up to 206; and myo-inosamine-2 (IX) up to 79. No inhibi- 
tion of the oxidation rate was observed. In some cases, the total oxygen 
uptake was slightly increased. 


Oxidation Products 


Efforts were made to characterize the product of the bacterial oxidation 
of muco-inositol by treatment with phenylhydrazine and by oxidation with 
nitric acid. The phenylhydrazine derivative was amorphous and resisted 
purification. A calcium salt of the nitric acid oxidation product was ob- 
tained, but attempts to identify it met with failure. 

The Acetobacter oxidation of N-acetyl-pL-myo-inosamine-4 is being stud- 
ied in connection with another project now under way in this laboratory, 
and will be described in a later communication. 

Chemical studies of the oxidation of dihydroconduritol were carried out 
on material obtained by fermentation (6). Immediately after removal of 
the bacterial cells, the oxidation product was treated with hydrogen and 
platinum catalyst under acid conditions. The purpose of the hydrogen 
treatment was to convert the keto group to methylene (19), leaving a stable 
cyclohexanetriol to be identified. If no rearrangements occurred, one of 
the known 1,cis-2 ,trans-3-cyclohexanetriols would be formed by hydro- 
genolytic removal of the keto group resulting from bacterial oxidation at 
C-1 or C-4. If the oxidation took place at C-5 or C-6, hydrogenolysis 
would give a 1 ,trans-2 ,cis-4-cyclohexanetriol. Positions 1 and 4 are equiv- 
alent in dihydroconduritol, if one neglects optical isomerism, and posi- 
tions 5 and 6 form a second equivalent pair. 

Treatment of the residue from the hydrogenolysis with benzoyl] chloride 
gave a mixture of benzoates from which a small amount of constant melting 
(138-139°) material was obtained by repeated recrystallization. This sub- 
stance, after saponification, consumed 2 molar equivalents of periodate and 
is therefore the tribenzoate of a 1,2,3-cyclohexanetriol. Mixed melting 
point determinations were made with all the three possible 1 ,2,3-cyclo- 
hexanetriol tribenzoates. Depressions were obtained with the deztro-1 , cis- 
2,trans-3 (+8) isomer’ and the 1 ,cis-2 ,cis-3 (y) isomer, but not with the 
1 ,trans-2 ,cis-3 (a) isomer.* The isolated material is not quite pure, since 

3 Synthesized by the method of Posternak and Ravenna (6). 

4M.p. 139-140°; kindly furnished by Professor C. B. Purves of McGill University. 
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it has a small (+) optical rotation (a-cyclohexanetriol is a meso compound), 
and its carbon content is low, suggesting that the impurity is a tetrol 
tetrabenzoate. The melting point data conclusively identify it, however, 
as 1,trans-2 ,cis-3-cyclohexanetriol tribenzoate, and, since this configura- 
tion does not exist preformed in dihydroconduritol, it must be an artifact. 
The determination of the position at which A. suboxydans attacks dihydro- 
conduritol therefore depends upon the results of future work. 

Further evidence as to the identity of the isolated triol tribenzoate was 
obtained by comparing its infra-red spectrum with the spectra of the three 
authentic triol tribenzoates. The spectra are distinctive, and that of the 
a-tribenzoate (1, trans-2 ,cis-3) is identical with the spectrum of the isolated 
compound. 

Professor T. Posternak of Geneva (private communication) has recently 
found p-1 ,2-dideoxy-myo-inositol 


oe, 


in the mixture resulting from the hydrogenation under neutral conditions 
of the Acetobacter oxidation product from dihydroconduritol. This finding 
would seem to exclude positions 4 and 5 as sites for the oxidation. 

With regard to conduritol, oxidation at position 1 or 4 would give an 
a,6-unsaturated ketone, while oxidation at position 5 or 6 would give a 
8,y-unsaturated ketone. The supernatant fluid from a blank incubation 
(buffer only, no substrate) of Acetobacter cells has a considerable end- 
absorption in the ultraviolet, but, when oxidized conduritol is present, the 
shape of the curve is altered and the absorption is greater. A plot of the 
difference between the two curves levels off at 215 my, and the ordinate at 
this point corresponds to a molar extinction of about 7000. These data 
are consistent with the formulation of this oxidation product as an a,B- 
unsaturated ketone. More definite evidence will of course be required 
before a firm conclusion can be drawn. 


The authors are indebted to Mr. Donald R. Johnson and Professor A. L. 
Wilds of the Department of Chemistry for help in the preparation and 
interpretation of the absorption spectra. 


DISCUSSION 


Chargaff’s rules (2) relating to the specificity of the cyclitol-oxidizing 
system of A. suboxydans are based upon the assumption that the preferred 
conformation of a cyclitol is that chair form which has the minimal number 
of polar® hydroxyls or equivalent groups. The greater stability of the 


5 See the legend to Fig. 1. 
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form with the fewer polar substituents is well established in the case of 
the alkyl- and halogen-substituted cyclohexanes and similar derivatives 
(20, 21). More recently, Reeves (22) has obtained data indicating that 
the pyranose derivatives of the sugars conform to the same principle. In 
the light of this work, Chargaff’s assumption seems most reasonable, since 
the inositols bear a very close structural resemblance to the pyranosides, 

According to the rules cited, the necessary conditions for the oxidation 
by the organism of a hydroxyl group of a cyclitol are (1) that the hydroxy] 
group must be polar, and (2) that, when oriented as shown in Fig. 3, the 
cyclitol must have an equatorial hydroxy] in the clockwise meta position d. 
It was shown that oxidation proceeds, regardless of whether the hydroxyls 
in positions a, b, and e are polar or equatorial. The presence of a keto 
group or the absence of an oxygen function in these positions was likewise 





Fic. 3. Hypothetical sketch of an oxidation-susceptible cyclitol oriented on the 
oxidizing enzyme, as seen from above. The open circle represents a south polar 
hydroxyl (7.e., one which projects downward); hydroxyls connected to the ring by 
bond lines are equatorial. 


shown to be qualitatively without effect. However, it is possible that a 
hydroxyl group, to be oxidized, must meet another condition, 7.e. (3) that 
an equatorial hydroxyl be present in the para position c. There is little 
information on this point, since, of the sixteen higher cyclitols tried by 
previous workers, only pinitol may be oriented so that there is anything 
other than an equatorial hydroxyl at this position. One orientation of 
pinitol places the (equatorial) methoxyl group of the compound at position 
c, but, as suggested by Magasanik et al. (2), the failure of pinitol to undergo 
oxidation may be due to an effect of the methoxyl group which is not. po- 
sition-specific. The idea that the methoxyl group inhibits oxidation even 
in a non-critical position is strengthened now that the structure of que- 
brachitol® is known (23). Quebrachitol, which is not oxidized, has its 
(equatorial) methoxyl at position a in one of the Chargaff orientations. 
The Bertrand-Hudson generalizations have been very useful as a guide 
to the use of A. suboxrydans for the production of ketoses from open chain 


6 Quebrachitol is 1-methy]-L-inositol. 
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sugar alcohols. Rules such as those of Chargaff have equal potentialities 


_ in cyclitol chemistry, and it is important to establish their limits of applica- 


ility. The work of Posternak and Reymond (4) shows that they pres- 
tly describe the situation only with respect to cyclitols having five or 
six hydroxyls or related substituents. In the case of the lower cyclitol, 
y-cyclohexanetriol (X), the reason for non-applicability is made clear by 
the results of the present investigation. If the preferred conformation of 
this compound is “minimum polar,” then the hydroxyl at position 2 is the 
only polar one. This hydroxyl does not meet condition (2) above; hence, 
no oxidation would be predicted. A. suboxrydans attacks the compound, 
however, and, more important, attacks it at one of the positions 1 (equiva- 
lent to positions 3) (6). But since, as shown under “Results,” the oxidizing 
enzyme is different from that which oxidizes the higher cyclitols, the rules 
for the latter compounds cannot be expected to apply. No decision as to 
whether the triol follows Hudson’s rule can be made until the optical 
configuration of the product is established. 

However, the above finding emphasizes the fact that our lack of knowl- 
edge concerning the number of individual oxidases present in the cells of 
A. suboxydans is responsible for some of our confusion about the validity of 
generalizations regarding the oxidative specificity of this organism. The 
cyclohexanetetrols and lower cyclitols may well be a mixed group of sub- 
strates, some of which are attacked by the higher cyclitol oxidase and 
some by the lower cyclitol oxidase, which may or may not be identical 
with the enzyme responsible for the oxidation of sorbitol and the open 
chain polyalcohols. The tetrols which showed oxidation counter to pre- 
diction in the experiments of Posternak and Reymond would be examples 
of the latter class, while dihydroconduritol (IV) would be an example of 
the former. This tetrol was shown in the present study (Fig. 2) to behave 
like myo-inositol, in that its oxidation by the cell-free enzyme preparation 
depends upon the presence of boiled cells. The oxygen uptake with whole 
cells is that predicted by the Chargaff rules, but only when the structure 
and configuration of the oxidation product are known can it be decided 
whether the attack took place at the predicted position. 

For maximal utility, rules such as those under discussion should not only 
describe the minimal conditions for oxidation of a substrate; they should 
also permit one to predict whether a given hydroxy] in a potential substrate 
will be oxidized. The results of the present investigation, summarized in 
Table II, show that this higher criterion is not met. Of the compounds 
listed in Table II, four (I, II, IIa, and IIIb) behaved essentially as pre- 
dicted, three (V, VIa, and VIb) failed to live up to the predictions made 
for them, and three (IV, VIII, and IX) do not come within the purview 
of the rules. Some of these compounds warrant further comment. 

muco-Inositol (I) and N-acetyl-pt-myo-inosamine-4 (IIIb) are peculiar 
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in that their oxygen consumption was higher than that predicted by a 
fraction of a gm. atom. The cyclic ketoses resulting from the oxidation 
of the inositols are sensitive compounds, and this extra oxidation may be 
non-enzymatic. Or, it is possible that we may be dealing with additional 
examples, in these cases slow and incomplete, of enzymatic attack on 
hydroxyls which do not meet the minimal qualifications laid down by the 
rules.’ 

The situation with regard to sequoyitol (V) is not yet completely clear. 
The bacterial oxidation of this myo-inositol methyl ether will be discussed 
in a forthcoming paper on the structure of the compound. 





TABLE II 
Predicted and Observed Behavior of Cyclitols and Cyclitol Derivatives 
Cyettal | pasttins.cy, | Oxidation predicted at | OnvgeD, | Poston 
0 ed | gm. atoms 

muco-Inositol (I) | 2,3,4 | 2,3 | 2.25 | Not known 
scyllo-Inosamine (II) | None | None be i0 
pL-myo-Inosamine-4 (IIIa) 2 | 2 (p form only) 0.5 Not known 
N-Acetyl-pL-myo-inosa- | 2 OP ee ok mess | 0.75 we = 

mine-4 (IIIb) 
Dihydroconduritol (IV) | 1,6 or 4,5 | 1 (Possibly 5; 1 ae ‘6 

not both) 

Sequoyitol (V) 2 | 2 (Possibly) Py ne te 
pL-epi-Inosamine-2 (VIa) | 4 | 4 (L form only) 0 
N-Acetyl-pi-epi-inosa- 4 2 et 0 

mine-2 (VIb) 
Conduritol (VIII) ? (ot Not known 


myo-Inosamine-2 (IX) | None 0 


* See Table I. 


The introduction of an amino group into an inositol molecule might well 
be expected to alter its behavior in any given enzyme system, and the 
non-oxidation of L-epi-inosamine-2 (L-VIa) and its N-acetate (L-VIb) (both 
tried in the pt form) would therefore not be surprising if it were not for 
the fact that the epimeric amines myo-inosamine-4 (IIIa) and N-acetyl- 
myo-inosamine-4 (IIIb) are readily attacked. One can only conclude that 
the oxidizing enzyme is not completely uncritical with regard to the groups 
present at positions a, b, and e. 

Conduritol (VIII) and myo-inosamine-2 (IX) are of interest because 
they have structural features not previously occurring in Acetobacter sub- 

7Posternak and Reymond (4) found that p-epi-inosose-2 and p-2-desoxy-epi- 


inositol are slowly attacked by their strain of A. suborydans. The polar hydroxyls 
in these compounds do not fulfil the requirements listed above. 
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strates. Conduritol differs from all of the other known cyclitols in being 
a derivative of cyclohexene. The molecular geometry of cyclohexene ap- 
parently does not differ radically from that of cyclohexane, however (24, 
25). Assuming that the hydroxyl groups in conduritol do not cause any 
major alteration of the basic cyclohexene geometry, it seems likely that the 
orientation of conduritol on the oxidizing enzyme is governed by the same 
factors which are operative in the case of its dihydro derivative. 

myo-Inosamine-2 represents myo-inositol in which the oxidation-suscep- 
tible polar hydroxyl is replaced by a polar amino group. If the enzyme 
were able, as some are, to attack amino as well as hydroxyl groups, then 
myo-inosamine-2 would be oxidized to myo-inosose-2 and ammonia. Actu- 
ally, no oxidation takes place. 

In conclusion, it should be pointed out that the failure of certain inositols 
to be oxidized by A. suboxydans when oxidation is predicted by the rules 
of Magasanik and Chargaff in no way argues against the suggestion of the 
Columbia authors (2) that the polar hydroxy] being oxidized, the equatorial 
hydroxyl at position d (Fig. 3), and possibly the equatorial hydroxy] at 
position c, are the groups through which inositols and quercitols are bound 
to the higher cyclitol oxidase or oxidases which occur in this organism. 


SUMMARY 


1. Ten cyclitols and cyclitol derivatives which had not previously been 
reported as substrates for Acetobacter suborydans were tested with sus- 
pensions of resting cells of this organism. In addition, 1, cis-2 , cis-3- 
cyclohexanetriol (y-cyclohexanetriol) was tested with a cell-free cyclitol 
oxidase preparation. 

2. The enzyme which oxidizes the triol must be different from that which 
oxidizes the higher cyclitols, since the triol is not attacked in the cell-free 
system. The fact that Chargaff’s rules do not correctly predict the course 
of the oxidation of y-cyclohexanetriol is therefore irrelevant. 

3. Chargaff’s rules appear to be valid as a description of the minimal 
steric requirements of the higher cyclitol oxidase, but certain cyclitols 
which fulfil these minimal requirements are not oxidized. 

4. Some inosamines which are not oxidized by A. suborydans were 
checked for ability to inhibit the oxidation of myo-inositol. No inhibition 
was observed in any case. 
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The present work is concerned with an enzyme, obtained from an acetone 
powder of spinach leaves, which catalyzes the carboxylation of phosphory]- 
enolpyruvate! to yield, under the conditions of isolation here employed, 
oxalacetate and inorganic phosphate. Pyruvate or pyruvate plus ATP 
will not substitute for PEP. Reduced triphosphopyridine nucleotide is 
not added to the reaction mixture and malate does not accumulate. The 
reaction thus appears to be distinct from the reductive carboxylation of 
pyruvate to malate by the ‘‘malic’”? enzyme (1). The present reaction 
may represent a mechanism for the Wood and Werkman reaction in which 
pyruvate is carboxylated to OA (2). This reaction, as has been shown by 
Utter and Wood (3), is activated by the addition of ATP. Enzymes 
catalyzing the Wood and Werkman reaction have now been shown to be 
present in bacteria (2, 4), pigeon liver (5, 6), and higher plants (7). In 
two recent communications (8, 9), Utter and Kurahashi describe the re- 
versible formation of OA and ATP from PEP, ADP, and HCO; in the 
presence of an enzyme from pigeon liver. It seems probable that the re- 
action described by Utter and Kurahashi is the same as that described in 
the present work, with the addition of a second enzyme catalyzing the 
transfer of phosphorus from a labile intermediate to ADP. A preliminary 
report of the present work has appeared (10). Several recent reviews of 
carboxylation reactions leading to the formation of a dicarboxylic acid are 
now available (11-13). 


Materials 


Silver-barium phosphoryl-enolpyruvate was a gift of Dr. Bernard 
Axelrod and was prepared by the method of Baer and Fischer (14). The 
K salt was made by decomposition of the silver-barium salt with 1 equiv- 


* Report of work supported in part by the Office of the Quartermaster General, 
contract No. DA-44-109-qm-710, Rubber and Plastics Section, Research and Develop- 
ment Branch, Military Planning Division. 

1 The following abbreviations will be used throughout the present paper: oxalace- 
tate, OA; phosphoryl-enolpyruvate, PEP; adenosinetriphosphate, ATP; adenosine- 
diphosphate, ADP; glutathione, GSH; tris(hydroxymethyl)aminomethane, Tham. 
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alent each of KCl and KSO,. Glutathione and ADP (chromatographi- 
cally pure) were obtained from the Schwarz Laboratories and ATP of 95 to 
100 per cent purity from the Pabst Laboratories. For use these compounds 
were adjusted to pH 7.5 with KOH. OA of 85 per cent purity was ob- 
tained from the H. M. Chemical Company, Santa Monica, California. A 
stock solution of NaHCO; containing 131 ue. per ml. (1.78 K 10-* m with 
respect to HCO;-) was prepared from BaC“O;. With the counting tech- 
nique used (counting at infinite thickness and at a distance of 4.5 cm. from 
a Geiger-Miiller tube, 1.4 mg. per sq. cm.) 0.1 ml. of this solution had an 
activity of 657,000 c.p.m. 

The enzyme used throughout the present investigation was a dialyzed, 
ammonium sulfate-concentrated extract of spinach leaf acetone powder, 
purity Stage II, prepared as described by Axelrod et al. (15). 

Phosphorus determinations were made by the method of Allen (16). 
Potassium pyruvate was prepared from freshly distilled pyruvic acid by 
the method of Robertson (17). 


Results 


CO. Incorporation into Oxalacetate—The reaction between PEP and CO, 
was first detected by noting the increased rate of liberation of inorganic 
phosphate from PEP in the presence of CO». Owing, however, to the ac- 
tivity of a phosphatase, an appreciable amount of inorganic phosphate was 
liberated from PEP in the absence of added CO. In order to circumvent 
the interference caused by this phosphatase the formation of OA was meas- 
ured directly in subsequent experiments. 

By utilizing C“O, in the reaction mixture, OA synthesis was readily 
determined. The OA formed was 6-decarboxylated with Al*+*+*+ at room 
temperature and the liberated CO. used as a measure of OA. The assay 
was performed as follows: After completion of the incubation period the 
reaction was stopped by the addition of 0.25 ml. of 2 Nn HCl, and unreacted 
CO. was removed by vigorous gassing with 5 per cent CO»-95 per cent 
Ne. Aliquots of the acidified reaction mixture were then assayed by the 


procedure of Krebs and Eggleston (18), which is specific for 6-ketonic di- . 


carboxylic acids. A period of time ranging from 4 to 8 hours was allowed 
for decarboxylation of OA. Liberated C“O» was collected in KOH solu- 
tion in the center well of the decarboxylation vessel, and the carbonate 
together with sufficient carrier carbonate to yield a sample weighing ap- 
proximately 100 mg. was precipitated as BaCO; for counting. 

Evidence that the reaction is enzymatically catalyzed is shown in Table 
I. Heating the enzyme for 2 minutes at 100° resulted in its inactivation. 
Several replicate experiments are illustrated as an index of reproducibility. 
The average count in the 6-carboxyl of OA for the experiments with un- 
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treated enzyme is 223,000, which corresponds to 0.60 um of OA per tube 
(223,000 counts recovered X 1.78 um of CO: per 657,000 counts added). 
This is a minimal value, as it is assumed that no CO, other than that added 
is present in the incubation mixture. Under conditions in which 0.6 um 
of OA was formed, 1.0 um of inorganic phosphate was liberated from PEP. 

Substrate Specificity—That the present reaction is highly specific for PEP 
is shown by the data of Table II. Neither pyruvate alone nor pyruvate 


TABLE I 
Heat Inactivation of Phosphoryl-enolpyruvate Carboxrylase Activity 
Counts in B-carboxyl of OA per tube. 





ee See = were 
Experiment A Experiment B | Experiment C 


| 
: was Bey te a Loh is aes eee SEE BR ees | oa 
Untreated enzyme................. 184,000 229 ,000 256 , 000 


Enzyme, boiled 2 min............. 4,320 1,520 1,050 





: “Each tube contained 6 um of PEP, 60 um of Tham hydrochloride, pH 7.5, 20 um of 
MgSO,, 20 um of GSH, 1.78 um of NaHCO; (657,000 counts), 0.1 ml. of enzyme. 
Total volume 1.4 ml. Incubated 1000 seconds at 37°. 


TABLE II 
Substrate Specificity of Phosphoryl-enolpyruvate Carboxylase Reaction 
Counts in B-carboxyl of OA per tube. 











Additions Experiment A 
Prreviit Ga... ccd eh ARR | 5,570 2,530 
as (Ge) ABP Git) os cats hee. | 5,380 4,610 
Phosphoryl-enolpyruvate (6 uM).................-. 202 ,000 203 ,000 
(6 “) + ADP (6 um)....| 206 , 000 215,000 





Reaction conditions as described for Table I except for an additional 0.5 um of 
NaHCO; per tube. Other additions as indicated. Total volume 1.5 ml. 


plus ATP can replace PEP and both give very low values. Further, the 
addition of ADP to the PEP-containing treatment did not increase the 
amount of OA formed. In the absence of data for times shorter than 1000 
seconds an effect of ADP upon the reaction rate is not excluded. Some 
effect of ADP on the rate of OA formation or the amount of OA formed 
might be expected if PEP were first converted to ATP and pyruvate by 
means of the ATP-phosphopyruvate transphosphorylase reaction (19). 
Identification of Reaction Product—Oxalacetate was isolated as the 2,4- 
dinitrophenylhydrazone from a reaction mixture similar to that described 
in Table I. Following incubation, acidification with 0.25 ml. of 2 n HCl, 
and removal of the unreacted COs, the precipitated protein was removed 
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by centrifugation. 200 mg. of OA and 100 ml. of a saturated solution of 
2 ,4-dinitrophenylhydrazine in 2 N HCl were added. The reaction mixture 
was left at room temperature for 20 hours, during which time a copious 
precipitate of golden needles formed. 

The hydrazone was collected by filtration and washed with 2 n HCl and 
a small amount of water. The yield was 231 mg. (49 per cent of theory), 
with a specific activity of 429c.p.m. 202 mg. of the crystals were dissolved 
in approximately 3 ml. of ethyl acetate at room temperature (20), filtered, 
and recrystallized by the addition of approximately 3 ml. of hexane. The 
yield was 140 mg. (70 per cent), with a specific activity of 449¢.pm. A 
second recrystallization yielded 102 mg. (73 per cent), with a specific ac- 
tivity of 433 c.p.m. A total of 99,000 counts was thus present in the oxal- 
acetate hydrazone or 202,000 after correction for yield. This recovery is 
in good agreement with the values obtained by §-decarboxylation (Tables 
I and II). 

Elemental analysis of the isolated hydrazone gave C 37.80, H 2.75, N 
18.30 per cent; theory, C 38.50, H 2.57, N 17.95 per cent. 

A 4.63 mg. sample of the hydrazone was dissolved in 10 ml. of freshly 
boiled water. Neutralization to pH 8 required 2.07 ml. of 0.0139 n KOH. 
The theory for oxalacetate 2 ,4-dinitrophenylhydrazone is 2.14 ml. and for 
the 2,4-dinitrophenylhydrazone of pyruvic acid, 1.24 ml. A 4.89 mg. 
sample of the hydrazone was dissolved in 10 ml. of water and heated at 
100° for 40 minutes. Neutralization required 1.12 ml. of 0.0139 n KOH. 
The theory on the assumption that oxalacetate hydrazone had been decar- 
boxylated to pyruvic hydrazone is 1.13 ml. 

CO, Incorporation into Malate—Malic acid was isolated from a double 
portion of reaction mixture, as described for Table I. After acidification 
and removal of the precipitated protein as previously described, the mix- 
ture was lyophilized to dryness. A 200 mg. sample of di-malic acid was 
added to the dried residue and the mixture extracted with 2.2 ml. of boiling 
acetone and filtered. Crystallization was induced by the addition of 7.5 
ml. of CHCl; (21). The yield was 103 mg. (51 per cent), with a specific 
activity of 8 c.p.m. One recrystallization yielded 75 mg. of specific ac- 
tivity 1.6 c.p.m., m.p. 127-128°. Thus little or no malate accumulated, 
as only 320 counts had been fixed in malic acid compared to approximately 
200,000 counts found in the oxalacetate when only a single portion of re- 
action mixture was used. 

Location of C4 in B-Carboxyl of Oxalacetate Hydrazone—The total activity 
of the oxalacetate hydrazone was determined by wet combustion, collec- 
tion of the CO, in KOH, and precipitation as BaCO3. The carbonate was 
counted at infinite thickness in a 1 sq. cm. sample cup at a distance of 1.3 
em. from the Geiger-Miiller tube. Activity in the 6-carboxyl was deter- 
mined by collection of the CO: liberated when a water solution of the hy- 
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drazone (32 mg. in 60 ml.) was refluxed for 40 minutes. All of the radio- 
activity in the hydrazone was liberated by boiling (Table III). Thus all 
of the activity fixed was located in the 6-carboxyl of the oxalacetate hy- 
drazone. 

The aqueous hydrazone solution, after refluxing, was made 2 N with 
respect to HCl and stored overnight at 2°. Crystals which formed were 
collected by filtration and washed with a small quantity of 2 nN HCl and 
water. A yield of 20 mg. or 73 per cent of theory for conversion of oxal- 
acetate hydrazone to pyruvic hydrazone was obtained. The melting point 
was 217-218°, and the mixed melting point with authentic pyruvic hydra- 
zone was 217-218°. As was expected, the product had no detectable radio- 
activity. The oxalacetate 2 ,4-dinitrophenylhydrazone thus resembles that 
of acetoacetate with respect to ease of decarboxylation (20). 

















TaB.eE III 
Location of C4 in B-Carbozyl ad Oxalacetate Hydrazone 
Oxalacetate hydrazone Treatment | Tot SOO | _ _Tivdrazone 
3.92 Wet nana 11,000 | 2800 
3.85 ¢ 11,700 3040 
32.0 B-Decarboxylation | 93 , 400 | 2920 
DISCUSSION 


The accompanying reaction mechanism is proposed for the carboxyla- 
tion of PEP to OA with the liberation of inorganic phosphorus. As here 


COOH COOH COOH COOH 
| 


| 
CH, CH CH CH, 


| 
COOH COOH COOH 


postulated, the initial carboxylation product would be phosphory]-enoloxal- 
acetate, which upon hydrolysis would yield enoloxalacetate. Since there 
is as yet no direct evidence for the existence of phosphory]-enoloxalacetate, 
the above mechanism must be regarded as strictly provisional. 


SUMMARY 


An enzyme has been found in extracts of spinach leaves which catalyzes 
the carboxylation of phosphoryl-enolpyruvate. Under the assay condi- 
tions employed, oxalacetate and inorganic phosphorus are the reaction pro- 
ducts. Pyruvate plus adenosinetriphosphate does not replace phosphoryl- 
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enolpyruvate in this system. Malate does not accumulate in the reaction, 
which thus appears distinct from the reaction catalyzed by the malic en- 
zyme. A possible relationship to the Wood and Werkman reaction in 
which pyruvate is carboxylated to oxalacetate is discussed. 


K SODON OA KFP WN 
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THE MECHANISM OF THE ANTITHYROID ACTION OF 
IODIDE ION AND OF THE “AROMATIC” THYROID 
INHIBITORS* 


By D. M. FAWCETTY anv 8S. KIRKWOOD 
WITH THE TECHNICAL ASSISTANCE OF ANNE TAYLOR 


(From the Department of Chemistry, McMaster University, Hamilton, Canada) 
(Received for publication, April 13, 1953) 


Two general classes of compounds interfere with the synthesis of the 
hormone thyroxine in the thyroid gland. These are the thiocarbamides and 
what will be referred to here as the “aromatic” antithyroid compounds. 
The present state of knowledge on the mechanism and locus of action of 
these substances has been reviewed recently (1-3). There appears to be 
general agreement that the thiocarbamides exert a direct chemical reducing 
action in the gland; thus the oxidation required to convert inorganic iodide 
to organically bound iodine is impossible. This results in the cessation of 
the synthesis of thyroxine and its intermediates in the gland. In contrast 
to this, there is no generally acceptable explanation for the mechanism of 
action of the aromatic antithyroids. This class of substances was dis- 
covered by Mackenzie et al. (4) who found that sulfaguanidine produced 
enlargement and hyperplasia of the thyroid glands of rats to which it was 
administered. This action was found to be common to a number of sul- 
fonamide derivatives as well as to many other compounds containing an 
amino-substituted benzene ring (5). These compounds were shown to 
inhibit the synthesis of thyroxine by surviving slices of thyroid tissue in 
vitro and it was shown that a series of aromatic hydroxy compounds had 
this same effect (6). It would appear from information at present in the 
literature that all aromatic compounds with an electron-donating group on 
the ring are capable of inhibiting the synthesis of the thyroid hormone. 
For this reason the authors feel that this class of compound should be 
referred to as the “aromatic” rather than the “sulfonamide” or ‘amino- 
benzene” type of inhibitor. 

We feel that the data presented in this paper establish the finding that 
the aromatic thyroid inhibitors act by binding the elemental! iodine formed 
in the gland. They do this either by forming a molecular compound with 

* This work was supported by a grant from the Canadian Life Insurance Officers 
Association. 

+ Holder of an Imperial Oil Graduate Research Fellowship. 

‘Tt is to be understood that the terms ‘‘iodine’”’ and ‘‘elemental iodine’”’ used in 
this paper connote any form of positive iodine that can serve as an iodinating agent. 
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the iodine or else by undergoing an iodine substitution reaction. The well 
known ability of iodide ion to inhibit thyroxine synthesis (7) can conven- 
iently be explained by the fact that it, like certain of the aromatic inhibitors, 
is capable of forming a molecular compound with elemental iodine. 


EXPERIMENTAL 


Technique for Determining Antithyroid Action in Vitro—The antithyroid 
action of all compounds reported in this paper was determined by allowing 
them to act on surviving slices of rat thyroid in vitro. The desirability of 
using this technique in work designed to give information on mechanism of 
action cannot be overemphasized. Taurog et al. (6) have pointed out the 
pitfalls inherent in the method zn vivo. Metabolic action on the inhibitor, 
permeability problems, and many other difficulties all combine to render 
in vivo methods largely useless for this type of work. 

The technique used by us is an adaptation of that developed by Morton 
and Chaikoff (8). Experiments were conducted in pairs in the following 
fashion. Two albino female rats, weighing between 150 and 200 gm., were 
anesthetized with Nembutal and their thyroid glands were quickly removed 
and divided at the isthmus. Each lobe was then cut into two equal por- 
tions with a razor blade and the slices placed in two Warburg flasks con- 
taining 2.0 ml. of a Krebs-Ringer-bicarbonate solution (9). It was ar- 
ranged that each flask should contain slices from one lobe of each gland in 
order to minimize individual differences in gland performance. One flask 
served as a control in order to determine the extent of inhibition in the flask 
containing the inhibitor. The inhibitor, dissolved in 0.5 ml. of Ringer’s 
solution, was placed in one side arm of the experimental flask and the radio- 
iodide (I'*!), dissolved in 0.5 ml. of Ringer’s solution, was placed in the 
other side arm. The control flask was made up in a similar fashion except 
that 0.5 ml. of Ringer’s solution was substituted for that of the inhibitor. 
In all experiments 75 uc. of carrier-free iodide ion were used. The flasks 
were placed in a bath maintained at 38° and shaken for a 10 minute period 
to insure proper temperature equilibration. The inhibitor (or buffer) and 
tracer solutions were added, in that order, as quickly as possible to the 
flask. The flasks were then shaken for 3 hours, at the end of which time 
the thyroid slices were removed and prepared for chromatographic analy- 
sis. All experiments were run with the stop-cocks turned so that the flasks 
were open to the air. 

Preparation of Gland Extracts for Paper Chromatography—The gland 
slices were removed from the flasks and ground with 1.0 ml. of 0.9 per cent 
saline solution, as quickly as possible, in an ice-cold glass mortar. The 
homogenate was extracted once with 2.0 ml. of n-butanol and the butanol 
extract chromatographed on paper as described below. In some cases the 
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butanol extract was unsatisfactory for our purpose and an extract with 2.0 
ml. of 10 per cent trichloroacetic acid solution was used instead. The 
residue from this extract was hydrolyzed for 16 hours with 10 per cent 
sodium hydroxide on the steam bath and the hydrolysate adjusted to pH 3 
with 6 N hydrochloric acid. The solution was then extracted with a double 
volume of butanol. The first extract contains the free extractable labeled 
iodine compounds in the gland; the second contains the extractable labeled 
iodine compounds liberated during the complete hydrolysis of the extracted 
gland tissue. 

Methods of Paper Chromatography—All extracts were chromatographed 
on Whatman No. 1 paper strips 6 cm. wide and 56 cm. long. The extracts 
were placed on the paper by evaporating them as a single spot with a cur- 
rent of warm air to facilitate the operation. In the case of extracts of the 
unhydrolyzed gland tissue 10 ul. of solvent were evaporated, and in the 
case of extracts of the hydrolyzed tissue 30 ul. were used. Solutions of 
unlabeled inorganic iodide and the common iodine containing amino acids 
of the thyroid were spotted as reference materials. The ascending one- 
dimensional technique was used in all experiments and the solvent was 
invariably the upper layer of a butanol-acetic acid-water mixture in the 
proportions 68:2:27. The paper in all cases was pretreated by spraying 
with 0.067 m phosphate buffer of pH 6.0 ((9) p. 133). This technique of 
pretreating the paper with buffer has been used by Carless and Woodhead 
(10) for alkaloid chromatography and has been found useful in the chroma- 
tography of labeled compounds obtained from the thyroid gland. After 
the chromatograms were run and dried, radioautographs were taken by 
placing the paper in contact with a sheet of Kodak “‘no screen” x-ray film. 
An exposure time of 48 hours was used for chromatograms of the extracts 
of unhydrolyzed gland tissue and 24 hours for chromatograms of the ex- 
tracts of hydrolyzed gland tissue. The positions of labeled compounds on 
the paper could then be determined and these could be compared, for 
purposes of identification, with those of unlabeled carrier materials ob- 
tained by color reaction. In all cases the degree of inhibition was evalu- 
ated by comparing the radioautographs of the chromatograms from hy- 
drolysate extracts of experimental and control runs. 


RESULTS AND DISCUSSION 


Aromatic Antithyroids That Act by Forming Molecular Compounds with 
lodine—It would appear that practically all of the data in the literature on 
the action of the aromatic inhibitors can be explained if one makes the 
assumption that there is an interaction between the inhibitor and the 
oxidized form of iodine that enters organic combination in the gland. The 
mechanism whereby the aromatic antithyroids interact with iodine presents 
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difficulties that have been recognized for some time. This class of com- 
pounds does not have sufficient reducing power to act as the thiocarbamides 
do. Astwood (1) has pointed out that most compounds of the aromatic 
type have a slow reaction rate with iodine and it is thus impossible that 
they should remove iodine by undergoing substitution. This difficulty can 
be avoided by postulating that the enzyme that activates the reaction 
between tyrosine and the oxidized iodine in the gland also activates the 
reaction between the inhibitors and this same iodine. This possibility is 
highly unlikely, however, since enzymes in general show a high degree of 
specificity and the aromatic antithyroids differ widely in structure. 

There is, however, one known type of interaction between the aromatic 
antithyroids and iodine which will account for the observed phenomena 
without invoking the aid of an enzyme. It has been known for some time 
that all aromatic compounds are capable of interacting with elemental 
iodine to form molecular compounds of varying degrees of stability, de- 
pending on the structure of the aromatic compound concerned. These 
compounds result from interaction with the so called z-electrons which are 
characteristic of the aromatic ring. This interaction is predicted by the 
modern molecular orbital method of treating the structures of organic com- 
pounds and has come under intensive investigation recently (11). It has 
been shown that the interaction between even aromatic hydrocarbons and 
iodine is far from negligible (12, 13). The molecular orbital method pre- 
dicts that either the increase in extent of an aromatic system or the presence 
of an electron-donating group on the ring will strengthen the bonds formed 
in the complex. The aromatic antithyroid compounds should show an 
interaction of considerable magnitude, since they all possess an electron- 
donating group on the ring. This interaction, if it could be demonstrated, 
would account for the action of these compounds. They would then bind 
elemental iodine by a non-enzymatic mechanism and remove it from the 
normal pathway to thyroxine. This would also account for the fact that 
only those compounds with electron-donating groups are inhibitors and 
would explain why acetylation of the hydroxyl or amino groups lowers the 
potency of these compounds in a striking fashion (6) since it reduces their 
electron-donating power. 

Attempts to isolate the expected molecular compounds of iodine from 
inhibited glands by paper chromatography have failed. Some evidence of 
the expected interaction has been obtained however. In all cases in which 
the extracts of inhibited glands have been chromatographed, the spot on the 
autograph corresponding to iodide ion has a streak in front of it (see Fig. 
1, Hand F). This streak can be removed by drying a small quantity of 
sodium thiosulfate on the paper with the gland extract. We feel that this 
streak in front of the iodide spot is due to the molecular compound breaking 
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up asit ischromatographed. Since thiosulfate destroys all molecular com- 
pounds of iodine by reducing the elemental iodine to iodide ion, it removes 
the streaking. This idea is further supported by the fact that the known 


+ 








. r) % . : 
A B C D E F 


Fic. 1. Radioautographs of chromatograms. A, trichloroacetic acid extract of 
a thyroid gland inhibited by resorcinol; B, chromatogram prepared from a solution 
in which labeled elemental iodine had been allowed to act on resorcinol. In both 
A and B the lower spots are iodide ion; the spots just behind the solvent front have 
been shown to be due to 4-iodoresorcinol by comparison with a synthetic sample. 
C, trichloroacetic acid extract of a thyroid gland inhibited by phloroglucinol; D, 
chromatogram prepared from a solution in which elemental iodine had been allowed 
to act on phloroglucinol. The lower spot is iodide ion; the upper is presumably 
monoiodophloroglucinol; E, extract of a gland inhibited by a-naphthaleneacetic 
acid, dried on with sodium thiosulfate; /, the same extract without thiosulfate 
showing streaking of the iodide spot. All chromatograms were run by the ascending 
technique and the transverse line at the top of the autograph marks the solvent 
front. 


crystalline molecular compound between morpholine and iodine (14) breaks 
up on the chromatogram and gives exactly the same picture as do the 
inhibited gland extracts. Attempts to obtain the resolution of these com- 
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plexes on chromatograms by working in an atmosphere of nitrogen or by 
chromatographing at reduced temperatures have not been successful. 
Other evidence that this type of inhibitor acts by forming molecular 
compounds with iodine has been gained by assaying the activity of a series 
of compounds by the in vitro technique and demonstrating that their 
potency can be predicted from their structure. Compounds possessing 
only one benzene ring and lacking an electron-donating group should be 
inactive, owing to inability to form a strong complex. Thus, benzoic acid 


TABLE I 


Antithyroid Activity in Vitro of Series of Compounds 


Compound Minimal inhibitory concentration* 
M 
p-Fluorophenylalanine........................... Not at 3 X 1073 
UGE 1 G0 ea RS Sa Ce ae a SSS 10-* 
SeMDR OU TORINO 5020, 5 citi ceseclo haduivccdeeas eels 2.3 X 10-3 
UME TLE oe. i SO gta ee 2.0 X 10°? 
PRSn AC MIAO R MAM Pit MO Pitre Ah 6 oie lo Caace.d eta O SR 1.5 X 10° 
3-Fluoro-5-iodotyrosine.......................00008 1.4 X 10-3 
SLCC) U0 1 ol IS Ne | 1.0 X 10% 
a-Naphthaleneacetic acid.......................00. | 1.0 X 10-3 
BNCOIBDUUYTICROIG yo. ich cies cess ooaee dda eemaare 1.0 X 10-3 
SLU VP] A707 7 Pao a 0.8 X 10-8 
P-AMINGVENZONG ACI <6... ede ces vee banwan 0.5 X 107% 
ER VOROCMSIONO | 55 65s Roi dae cect ines dnied vine Seed 0.5 X 107% 
AOS P10) |e oO Ora 0.2 X 10-3 
EV LERT 111 liv gual Soave Re tee a aOR a a 1.0 X 10-4 
EAC |S in a a 4.0 X 10-8 
G51) 07100 Ie 0.2 X 10-5 


* The minimal concentration at which the inhibitor markedly decreases the in- 
corporation of labeled iodine into the organically bound form in the gland. 
+ The inhibitor oxidized during the experiment. 


and fluorophenylalanine are seen to be inactive (Table I). Chaikoff’s 
group has reported similar results with a like series of compounds (6). 
Compounds possessing a benzene ring and one electron-donating group 
(sulfanilamide, p-aminobenzoic acid, and fluorotyrosine) show inhibition 
at concentrations of 10-* m. The molecular orbital method allows us to 
predict that compounds with an extended aromatic system will show an 
increased tendency to form + complexes. Compounds of this type would 
then be predicted to have antithyroid action despite their lack of an elec- 
tron-donating group. ‘This is seen to be the case for a-naphthaleneacetic 
acid and indolebutyric acid. In spite of the fact that they contain no 
electron-donating groups, the extended aromatic system (naphthalene ring 
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and indole ring) permits them to act approximately as effectively as the 
compounds containing one benzene ring with an electron-donating group. 
Compounds possessing an extended aromatic system and an electron-donat- 
ing group would be predicted to be very active. This is seen to be the 
case for a-naphthol. 

The above postulated mechanism of action would predict that any com- 
pound capable of forming a molecular compound with iodine would also 
be an antithyroid regardless of whether it possessed an aromatic system or 
not. To test this prediction two non-aromatic compounds were selected 
from the literature which were known to form stable, isolable, crystalline 
molecular compounds with iodine. These were morpholine (14) and diox- 
ane (15). As can be seen from Table I, they have about the same order of 
activity as the conventional aromatic antithyroids. It has been possible, 
by sectioning morpholine-inhibited glands with the freezing microtome, to 
demonstrate the characteristic crystals of morpholine periodide under the 
microscope.2. The presence of these crystals in the inhibited tissue proves 
both the occurrence of the postulated complex and the formation of ele- 
mental iodine in the gland. 

Aromatic Antithyroids That Act by Substitution Mechanism—The molec- 
ular orbital theory allows one to predict that the greater the number of 
electron-donating groups on the ring the stronger the bond that will be 
formed in the 7 complex. If the above mechanism for the action of the 
aromatic antithyroids is correct, one would predict that compounds with 
more than one electron-donating group on the ring would be very effective 
inhibitors. This is borne out by the fact that hydroquinone is a very 
effective inhibitor in spite of the fact that it is rapidly oxidized during the 
experiment. Chaikoff’s group has previously reported that both hydro- 
quinone and its monomethy! ether are effective antithyroids when tested 
in vitro (6). In pursuing this line of investigation another effect has to be 
considered. It is well known that the addition of electron-donating groups 
to an aromatic ring greatly increases its tendency to undergo electrophilic 
substitution reactions. All substitution reactions have been postulated 
to take place through z complexes that rearrange to form stable substitu- 
tion products (11). Whether the complex remains as such or rearranges 
depends on the type of substitution. Electron-donating groups activate 
positions ortho and para to their own, and, if it should happen that a 
position is ortho to two such groups, or ortho to one such group and 
para to the other, such a position is very active indeed toward substitu- 
tion. This type of compound is then visualized as having a strong tend- 
ency to form 7 complexes with incoming groups and that these complexes 
immediately rearrange to stable substitution products. Since the stable 


2 Delzell, D. E., Fawcett, D. M., and Kirkwood, S., unpublished data. 
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substitution compounds are not in equilibrium with molecular iodine, com- 
pounds capable of rapid iodination should be very strong thyroid inhibitors 
indeed. Further, it should be possible to demonstrate the accumulation 
of the stable substitution compounds in glands treated with this class of 
inhibitor. Compounds in this class that have been investigated include 
resorcinol and phloroglucinol. Both of these compounds have doubly acti- 
vated positions and react instantaneously with iodine in aqueous solution, 
It is seen at once from an examination of Table I that both of these com- 
pounds are about 1000 times more active than the conventional type of 
aromatic inhibitor. Attempts to demonstrate the accumulation of the 
predicted substitution products in the gland have been fully successful. 
Trichloroacetic acid extracts of glands inhibited with resorcinol and phloro- 
glucinol when chromatographed show the presence of a labeled spot other 
than that of iodide ion. The spot from resorcinol-treated glands had a 
different Ry than that from phloroglucinol-treated glands (see Fig. 1). 
Both spots are due to stably bound organic iodine since they are stable to 
treatment with thiosulfate. These spots are identical to those produced by 
the action of labeled elemental iodine on the inhibitors in the absence of a 
gland and thus are presumably the stable monosubstitution compounds. 
The compound expected from phloroglucinol (monoiodophloroglucinol) is 
not described in the literature. The compound expected from resorcinol 
(4-iodoresorcinol) has been described (16, 17). We have synthesized this 
compound and compared it to that from resorcinol-inhibited glands and 
have shown it to be identical. Chromatograms of trichloroacetic acid 
extracts of resorcinol-treated glands have been run with added unlabeled 
4-iodoresorcinol as a carrier. Radioautographs were prepared from these 
chromatograms and then the position of the carrier 4-iodoresorcinol deter- 
mined by a color reaction (18). The spot on the autograph corresponded 
exactly in position and shape to that of the carrier 4-iodoresorcinol on the 
paper. The possibility that these stable iodine compounds are artifacts 
owing to the formation of elemental iodine in the flasks by a non-enzymatic 
oxidation has been ruled out by the use of heat-inactivated thyroid slices. 
When boiled slices are used, it is impossible to demonstrate the formation 
of these compounds. It is seen then that both predictions made from the 
above theoretical treatment have been fully justified by experiment and 
we feel that this is strong evidence in support of the fundamental assump- 
tions made. 

It is of interest that guaiacol possesses an antithyroid activity which is 
intermediate between compounds of the sulfanilamide group and resorcinol. 
This is in agreement with the present theory, since, although there are two 
electron-donating groups present, they are ortho to one another and hence 
do not strongly activate definite positions of the aromatic ring as to the 
meta groups of resorcinol. 
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Arnott and Doniach (19) have studied the ability of a large number of 
diphenols to prevent the accumulation of labeled iodine by the thyroids of 
intact rats. They found that all of the most active compounds in this 
class, with the single exception of 2 ,7-dihydroxynaphthalene, were deriva- 
tives of resorcinol. They postulate that this type of compound may act 
by inhibiting thyroid peroxidase which has been postulated to be respon- 
sible for the oxidation of iodide ion in the gland. This view has received 
support from Rosenberg recently (20). In the light of the evidence pre- 
sented here, it would appear that this view is mistaken. The formation of 
4-iodoresorcinol from resorcinol in surviving gland slices is unequivocal 
evidence that resorcinol does not interfere with the production of elemental 
iodine in the gland. It is also possible, on the basis of our mechanism, 


- to account fully for the antithyroid action of 2,7-dihydroxynaphthalene. 


This compound would be predicted, according to modern theories of reac- 
tion mechanism, to be as active toward iodination reaction in positions 1 
and 8 as resorcinol is at positions 2 and 4. On this basis it would be pre- 
dicted to be as powerful an antithyroid as resorcinol. 

The theory developed here allows one to account for the thyroid-inhibit- 
ing action of iodide ion. It has been shown that excessive amounts of 
iodide ion will block the formation of organic iodine in the gland both 
in vivo and in vitro (21, 7). We find that iodide ion has a minimal inhibi- 
tory concentration of about 10-* m, which is comparable to that of those 
compounds which inhibit by forming a molecular compound with iodine. 
Iodide ion forms a soluble molecular compound with elemental iodine which 
has been termed triiodide ion. We would then expect high concentrations 
of iodide ion to exert an antithyroid action through competition with tyro- 
sine for the molecular iodine in the gland. This interference is exactly 
comparable to that of the aromatic compounds that form + complexes with 
elemental iodine. In this connection it is interesting to note that Li has 
shown that iodide ion inhibits the reaction between elemental iodine and 
tyrosine in vitro (22). 


SUMMARY 


1. A theory is presented that accounts for the antithyroid action of the 
aromatic thyroid inhibitors and of high concentrations of iodide ion. Io- 
dide ion and most of the aromatic antithyroids act by forming molecular 
compounds with elemental iodine in the gland. A few of the very active 
aromatic antithyroids act by forming stable substitution compounds with 
the gland iodine. 

2. Evidence in support of this theory is presented by showing that the 
antithyroid activity of a series of compounds can be accurately predicted 
by its use. In the case of one substance that has been postulated to act 
by forming a molecular compound with iodine, it has been possible to 
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demonstrate the expected molecular compound in the inhibited gland. In 
the case of two compounds that act by substituting with iodine, both sub- 
stitution compounds are shown to be present in the respective inhibited 
glands. 

3. The demonstration of these molecular and substitution compounds of 
iodine in the gland constitutes proof for the formation of elemental iodine 
as a step in thyroxine synthesis. 


The authors would like to express their appreciation to Dr. R. B. Sandin 
and Dr. A. N. Bourns for much helpful advice in connection with this work. 
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TEMPORARY INHIBITION OF TRYPSIN* 


By M. LASKOWSKI ann FENG CHI WU 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 


(Received for publication, April 30, 1953) 


In the previous work dealing with naturally occurring trypsin inhibitors 
it has been generally assumed or at least implied that as long as the in- 
hibitor is capable of reacting with trypsin the inhibitor is resistant to 
tryptic digestion. In the present paper a system is described in which 
trypsin is first inactivated by the inhibitor and then released, owing to the 
digestion of the inhibitor. The term temporary inhibition is suggested for 
this phenomenon. 


EXPERIMENTAL 


Trypsin was prepared by the method of Kunitz and Northrop (1) as 
modified by McDonald and Kunitz (2), and was recrystallized three times. 
The inhibitor was prepared by the method of Kazal, Spicer, and Brahinsky 
(3) and was a gift from Dr. L. A. Kazal, to whom we express our deep 
gratitude. Tryptic activity and the inhibitory activity were determined 
by the method of Kunitz (4). Since the preparation of trypsin was slowly 
losing activity during the period of this work, the values of trypsin are 
expressed both in actual micrograms of the protein and in units of tryptic 
activity, as found on the day of the experiment. 

Other inhibitors were also tried: pancreatic trypsin inhibitor prepared 
according to Kunitz and Northrop (1); soy bean inhibitor (5) purchased 
from the Worthington Biochemical Laboratory; colostrum inhibitor pre- 
pared by the method of Laskowski et al. (6, 7); and partially purified blood 
plasma inhibitor, prepared by the method of Peanasky and Laskowski 
(8). 

The starting point for the present investigation was the experiment sum- 
marized in Table I. This was devised as a continuation of the work of Mars 
el al. (9), who attempted to check the hypothesis of Haanes and Gyérgy 
(10) that enterokinase is capable of overcoming the action of the trypsin 
inhibitor on trypsin. Mars eé al. (9) used the crystalline trypsin-trypsin 
inhibitor complex of Kunitz and Northrop (1) and were unable to confirm 
the hypothesis of Haanes and Gyérgy (10). It was felt, however, that 
Mars et al. did not exclude the possible action of enterokinase on the com- 


* Aided by a research grant from the National Institutes of Health, United States 
Public Health Service. 
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plex of trypsin with Kazal’s inhibitor. Such a complex conceivably could 
have been present in the lipotropic fraction used by Haanes and Gyérgy 
(10) and prepared by Bosshardt e¢ al. (11) from the residue which remained 
after the extraction of pancreas for insulin. 

The results shown in Table I indicate that, in agreement with previous 
findings (9) on the pancreatic complex of Kunitz and Northrop, enterokin- 
ase did not influence the dissociation of the complex composed of trypsin 
and Kazal’s inhibitor. Appearance of free trypsin, however, was noticed 
in both tubes containing calcium, regardless of their content of 
enterokinase. 


TaBLeE | 


Effect of Calcium on Apparent Dissociation of Trypsin-Kazal’s Trypsin 
Inhibitor Complex 








rime | TEA Gwlum | ube, cakium | paZWGS., | Tubes 
15 sec. 0.093 0.060 0.075 0.048 
30 min. 0.039 0.030 0.045 0.031 
60‘ 0.040 0.043 0.035 0.027 
3 hrs. 0.070 0.070 0.043 0.037 
(ei 0.120 0.115 0.051 0.032 
as 0.277 0.267 0.076 0.054 




















All tubes contained 4.0 ml. of 0.1 m phosphate buffer at pH 7, 1.0 ml. of trypsin 
solution containing 100 y per ml., 1.0 ml. of Kazal’s inhibitor solution containing 40 
y per ml., and water to bring the volume to 10 ml. In addition, Tubes 1 and 2 con- 
tained 0.1 ml. of 1 M CaCls, and Tubes 1 and 3 contained 160 y of enterokinase. All 
tubes were mixed and allowed to stand at room temperature. At the indicated time, 
1 ml. aliquots were withdrawn and analyzed for trypsin according to Kunitz (4). 
All figures are expressed as optical density at 280 my and are corrected for the values 
of blanks. 


Since the protective action of calcium on trypsin had been shown by 
Gorini (12) and by Nord and coworkers (13, 14), it was postulated that 
the liberation of trypsin occurred in all tubes, but was evidenced only in 
the tubes containing calcium, which protected trypsin from denaturation 
and self-digestion. 

This hypothesis was verified by the experiment illustrated in Fig. 1. 
The initial amounts of trypsin and inhibitor (Curves I and II) were so 
chosen as to leave, after mixing, about 20 per cent of the trypsin free. The 
results indicated that the liberation of trypsin occurred in both tubes, 
with and without calcium. The amount of apparently liberated trypsin 
was, however, much higher in the presence of calcium. The rates of inac- 
tivation of trypsin in the presence and in the absence of calcium are also 
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indicated on Fig. 1. The inhibitor alone was stable under these conditions, 
with or without calcium. 

The results of an experiment in which varying concentrations of calcium 
were used are illustrated in Fig. 2. As in the previous experiment, the 
amounts of inhibitor were insufficient to inhibit all of the trypsin present. 
The results indicate that the height of the peaks, representing tryptic ac- 
tivity, increased with increasing concentration of calcium. On the other 
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Fig. 1. The effect of calcium on the apparent liberation of trypsin from the com- 
plex. All tubes contained 10 y per ml. of trypsin (equivalent to 27.0 tryptic units 
of Kunitz per ml.) and borate buffer at pH 7.0, final concentration 0.04 m. In 
addition Tube 1 (Curve I) contained Kazal’s inhibitor 2.4 y per ml. and CaCle, 
final concentration 0.01 m; Tube 2 (Curve II) contained Kazal’s inhibitor 2.4 7 per 
ml. but no calcium; Tube 3 (Curve III) contained 0.01 m CaCl, but no inhibitor; 
Tube 4 (Curve IV) contained neither calcium nor inhibitor. Exposed at room 
temperature of about 25°. 

Fia. 2. The effect of varying concentrations of calcium on the apparent liberation 
of trypsin from the complex. All tubes contained 10 y per ml. of trypsin (29.6 units 
per ml.), 2.0 y per ml. of Kazal’s inhibitor, 0.04 m borate buffer at pH 7.0, and the 
indicated amounts of CaCl:: O, 0.02 Mm; @, 0.01 m; ©, 0.005 m; @,0.001 m. Exposed 
at room temperature. 


hand, the maximal value for each tube was reached sooner in the tubes 
containing lower concentrations of calcium. 

Fig. 3 illustrates the results of an experiment in which the amounts of 
trypsin and calcium were kept constant, but the amount of inhibitor was 
varied. The findings indicate that the maximal value of the liberated 
trypsin was reached faster in the tubes containing lower amounts of the 
inhibitor. The highest peak was reached in the tube containing the 
largest amount of the inhibitor. 

It was then postulated that the appearance of the free trypsin was due 
to the digestion of the inhibitor. This hypothesis was verified by the ex- 
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periment illustrated in Fig. 4. The inhibitor of Kazal et al. (free or in the 
form of a complex) can be heated to 80° for 5 minutes in a solution con- 
taining 2.5 per cent trichloroacetic acid without denaturation, while tryp- 
sin is denatured by this procedure. After cooling and neutralization, the 
inhibitor remaining in the solution can be determined by mixing it with a 
fresh solution of trypsin. 

In the experiment illustrated in Fig. 4, trypsin and inhibitor were mixed 
and left at room temperature. As in the previous experiment, the amount 
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Fig. 3. The effect of varying concentrations of inhibitor on the liberation of tryp- 
sin. All tubes contained 10 y per ml. of trypsin (27.6 units per ml.), 0.01 m CaCh, 
0.04 m borate buffer at pH 7.0, and the indicated amounts of Kazal’s inhibitor: @, 
1.2 y per ml.; O,1.6y per ml.; @, 2.07 per ml.; ©, 2.4 per ml. 

Fig. 4. Comparison of the appearance of trypsin with disappearance of inhibitor. 
All tubes contained 0.01 m CaCl, and 0.04 m borate buffer at pH 7.0. The experi- 
mental tube (O, @) contained 10 y per ml. of trypsin (22.0 units per ml.) and 1.6 4 
per ml. of Kazal’s inhibitor; O, tryptic activity, @, inhibitory activity expressed 
as trypsin inhibited. Control tube @ contained 10 y per ml. of trypsin only; con- 
trol tube © contained 1.6 y per ml. of Kazal’s inhibitor only. Exposed at room 
temperature. 


of inhibitor was not sufficient to inactivate all of the trypsin. At the indi- 
cated intervals, aliquots were withdrawn, and both the appearance of tryp- 
sin and disappearance of inhibitor were determined on separate aliquots. 
It is evident that the amount of the free trypsin appearing corresponded 
to the amount of inhibitor disappearing. The degree of self-digestion of 
trypsin and the stability of the solution of pure inhibitor, under the condi- 
tions of the experiment, are also indicated in Fig. 4. 

When the amount of trypsin which appeared was corrected for self-di- 
gestion of trypsin, the line illustrated in Fig. 5 was obtained. The points 
were plotted to indicate the amount of trypsin which should have ap- 
peared, calculated from the amounts of digested inhibitor found. The 
agreement was good. 
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A few additional points required clarification. Under optimal conditions 
for the determination of inhibitory activity, Laskowski e¢ al. (7) found that 
Kazal’s inhibitor reacted stoichiometrically with trypsin. The determina- 
tions, however, were never carried to the region where all the trypsin was 
inactivated. An experiment was therefore performed in which the inhib- 
itor, casein, and the required amounts of water were placed in the analyti- 
cal tubes and trypsin was pipetted directly into these tubes at zero time. 
By doing so, the effect of digestion was minimized, but was not entirely 
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Fie. 5. Comparison of the amounts of the trypsin appearing, calculated from val- 
ues (©) of trypsin observed after correcting for self-digestion of trypsin and (@) 
calculated from the amounts of digested inhibitor. The calculations were made 
from the data shown in Fig. 4. 

Fig. 6. The effect of varying concentrations of trypsin and of inhibitor on the 
degree of inhibition. The solution of Kazal’s inhibitor contained 4 y per ml., 15 
of trypsin (O) (40.4 units), 10 y of trypsin (@) (25.2 units), 5 y of trypsin (®) (13.4 
units) per tube. All other conditions as in the assay of Kunitz (4). 
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eliminated, since the standard incubation of 20 minutes required by the 
procedure of Kunitz could not be avoided. The results (Fig. 6) indicate 
that the amount of dissociation was in no case higher than 5 per cent. The 
formation of a complex between trypsin and Kazal’s inhibitor was found to 
be a very rapid process. Whether the observed value of about 5 per cent 
should be considered as a true value of dissociation cannot be definitely 
stated. No attempts were made to find a method fast enough either to 
ascertain that the equilibrium had been reached or to exclude the possibility 
of digestion. 

In view of the above finding, an experiment, analogous to that shown in 
Fig. 4, was performed. The amounts of trypsin and inhibitor were so 
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chosen as to inhibit all of the trypsin and leave a small excess of the free 
inhibitor. Both the appearance of trypsin and the disappearance of in- 
hibitor were followed on different aliquots withdrawn at the indicated time. 
The results are illustrated in Fig. 7. The zero time samples represent the 
aliquots withdrawn at about 1 minute after mixing. The tubes were ex- 
posed at 37° and were covered with a layer of toluene. It was previously 
established that covering with toluene did not exert any detectable influ- 
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Fia. 7. Comparison of the appearance of trypsin with the disappearance of in- 
hibitor. All tubes contained 0.01 m CaCl, and 0.04 m borate buffer at pH 7.0. The 
experimental tube (O, @) contained 10 y per ml. of trypsin (25.7 units per ml.) and 
2.4 y per ml. of Kazal’s inhibitor; O, tryptic activity; @, inhibitory activity ex- 
pressed as trypsin inhibited. The control tube (@) contained 10 y per ml. of trypsin 
only. Exposed at 37°. 

Fia. 8. The effect of varying concentrations of the inhibitor on the rate of dis- 
appearance of the inhibitor, expressed in tryptic units. All tubes contained 0.01 
CaCle, 0.04 m borate buffer at pH 7.0, 10 y per ml. of trypsin (21.5 units per ml.), and 
the indicated amounts of Kazal’s inhibitor: O, 4.8 y per ml., @, 3.2 per ml., @, 2.47 
per ml., ©,0.8 y per ml. Exposed at 37°. 


ence on either of the components of the system. As would be expected 
from the results shown in Fig. 6, even in the first sample a small amount of 
tryptic activity was detected. The digestion of the inhibitor was accom- 
plished within 22 hours. During the period of digestion of the inhibitor 
(Fig. 7), tryptic activity increased and then started decreasing slowly. 
After 95 hours, the amount of tryptic activity that was left in the tube 
originally containing inhibitor was more than 1.5 times that in the tube 
containing trypsin alone. 

An experiment was then performed in which the quantity of trypsin was 
kept constant, but the amount of inhibitor was varied from 50 to 300 per 
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cent of the amount necessary to inhibit all of the trypsin (Fig. 8). Only 
the disappearance of the inhibitor was measured. In spite of the longer 
and more involved analytical procedure, this was chosen in preference to 
measurement of the appearance of trypsin, since it was felt that correcting 
for the self-digestion of trypsin would not be accurate enough, in view of 
changing concentrations. 

The results (Fig. 8) indicate that the velocity of the digestion of the in- 
hibitor was influenced by the initial concentration of the inhibitor. The 
rate of digestion of inhibitor was slower in the tubes in which the ratio of 
inhibitor to trypsin was higher. 

Finally, we wished to determine whether the inhibitor of Kazal et al. is 
unique in its properties of being susceptible to tryptic digestion. Several 
other inhibitors were tested. The pancreatic inhibitor (1) and the inhibi- 
tor from colostrum (6), as well as purified inhibitor from blood plasma (8), 
were found to be resistant during 2 weeks exposure at 37°. A small but 
significant amount of liberation of trypsin was observed with soy bean in- 
hibitor after 2 weeks exposure at 37°; the reaction, however, was so slow 
that no other conclusions were possible. 


DISCUSSION 


At present no attempt is made to explain the detailed mechanism of the 
temporary inhibition of trypsin by Kazal’s‘inhibitor. Two general alter- 
natives have been considered. 

The simplest is to assume that the inhibitor acts as substrate in the 
Michaelis-Menten reaction, 


ky 





will 
T+1Ia-=TI “oT + products 





2 


the value of k, being exceptionally high and that of k; exceptionally low. 
The alternative would be to assume that two reactions occur, the first 
of which leads to an inactive complex, 


T+I i TI 


2 





and a second to the observed reaction products, 


ks’ ke! 
Ti+ = TIT —“— 2T + products 


4 





where TIT is the Michaelis-Menten complex. 
In the latter case, it is necessary to assume further that the inactive 
complex TI and the Michaelis-Menten complex TIT both involve the ac- 


' tive centers of trypsin, but different sites on the molecule of the inhibitor. 


The consequence of the first alternative is that in the rate-limiting re- 
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action the velocity of the formation of products should be a function of [TT] 
only, 

< = k (TY 2) 
while, if the second alternative were true, the velocity of the rate-limiting 
reaction should be a function of both [TT] and [T] 

The experimental evidence (Figs. 3 and 8) favors the second alternative, 
The initial slopes of the curves representing the appearance of trypsin 
(Fig. 3) are larger in the tubes containing higher initial amounts of trypsin. 
Even more clearly, the same phenomenon could be seen from the results 
shown in Fig. 8. The slopes of the lines representing the disappearance 
of the inhibitor are smaller in the tubes containing a large excess of the in- 
hibitor and increase with increasing ratios of trypsin to inhibitor. 

One is tempted to speculate on the physiological significance of tempo- 
rary inhibition. It obviously provides a mechanism by which the already 
activated trypsin is safeguarded against self-digestion (Figs. 3, 4, and 7). 
Temporary inhibition slows down and prolongs the action of trypsin, which 
may be of a particular importance in regulating the speed of activation of 
chymotrypsinogens. Since thus far only Kazal’s inhibitor was found to be 
susceptible to a reasonably rapid digestion, it seems premature to postulate 
a wide distribution of similar systems. It does not seem premature, how- 
ever, to call the attention to a possibility of the existence of similar intra- 
cellular systems, which may participate in the regulation of the action of 
cathepsins. Since tryptic inhibitors including Kazal’s inhibitor exert an 
action against thrombin, it is also possible that similar mechanisms may 
be involved in blood coagulation. 

Kazal’s inhibitor seems to occupy a unique position among the known 
trypsin inhibitors, if one disregards the small amounts of digestion noticed 
with the soy bean trypsin inhibitor. It is interesting to add here that also 
in respect to action on chymotrypsin a! Kazal’s inhibitor appears to be 
the only one which does not exert any inhibitory action. 


SUMMARY 


A system composed of crystalline trypsin and the crystalline inhibitor of 
Kazal et al. (3) was described in which trypsin was first inhibited and then 
slowly released, owing to the digestion of the inhibitor. The term fem- 
porary inhibition was suggested for this phenomenon. The probable mech- 
anism of temporary inhibition and its possible physiological significance 
were discussed. 


1 Unpublished. 
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f [TT] Addendum—After this manuscript had been submitted for publication, we be- 
came aware of the work of Gorini and Audrain (15, 16). A year before we submitted 
our manuscript, these authors (15) found that in a system containing borate buffer, 
pH 7.9, 0.01 m CaCls, trypsin, and ovomucoid the ovomucoid was rapidly hydrolyzed. 
While the conclusions of Gorini and Audrain (16) are not identical with ours, the 
phenomenon they observed strikingly resembles temporary inhibition, indicating 
aiting that Kazal’s inhibitor is not a unique case. 
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THE EFFECT OF MAGNESIUM ION UPON THE ALKALINE 
PHOSPHATASE ACTIVITY IN THE THYROID OF THE 
HYPOPHYSECTOMIZED RAT 


By I. GORDON FELS, MIRIAM E. SIMPSON, anp HERBERT M. EVANS 


(From the Institute of Experimental Biology, University of California, 
Berkeley, California) 


(Received for publication, May 4, 1953) 


In the course of investigation of alkaline phosphatase activity of the rat 
thyroid it became evident that this activity was markedly enhanced by 
magnesium ion in the hypophysectomized rat, whereas no such effect was 
discernible in the normal animal. The present communication is con- 
cerned with some of the results of this study. 


EXPERIMENTAL 


Female rats of the Long-Evans strain were carefully selected to form as 
homogeneous a group as possible. These were 28 to 30 days old, weighing 
60 to 70 gm. at the onset of the experiments. Rats chosen for hypophysec- 
tomy were in the same age and weight group and were 12 to 16 days post- 
operative when used. At the termination of the experiment, the complete- 
ness of the hypophysectomy was ascertained at autopsy by inspecting the 
pituitary site by means of a dissecting microscope. Results from animals 
of questionable completeness of hypophysectomy were omitted. 

All hormone preparations were given intraperitoneally in saline, at 0.5 
ml. per day for 4 days. Autopsy took place 24 hours after the last injec- 
tion. The animals were anesthetized with chloroform, and both lobes of 
the thyroid carefully removed. Considerable care was taken to remove 
extraneous tissue. The glands were weighed to the nearest tenth of a mg. 
on a Roller-Smith torsion balance and homogenized for 2 minutes in 1 ml. 
of either cold saline or 0.02 m MgSO, solution, depending upon the experi- 
ment. The homogenizer was of glass, similar to the Potter-Elvehjem 
model (1), the tube dimensions being 10 X 75 mm. After the grinding 
procedure the pestle was washed several times with a total volume of 
exactly 4 ml. of cold saline or 0.02 m MgSO, solution, in such a manner 
that the washings were added to the homogenate in the process. All 
homogenates and solutions were kept iced at all times in preparation for the 
assay. 

Alkaline phosphatase activity was determined by the method of Huggins 
and Talalay (2) which was modified for use with small amounts of tissue. 
The standard curve was established from accurately prepared stock solu- 
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tions of 1 to 5 mg. per liter of dried phenolphthalein (Mallinckrodt). 1 
ml. of glycine buffer, pH 11.2,! was added to 2 ml. of a stock solution, the 
tube inverted, and the color read immediately at 540 my in a Coleman 
spectrophotometer with a micro cuvette (10 X 75 mm.). A plot of phe- 
nolphthalein concentration per tube versus optical density yields a straight 
line through the origin. 

In determining alkaline phosphatase activity, sodium phenolphthalein 
phosphate (Sigma Chemical Company) was used as the substrate. It was 
selected because of its slow rate of hydrolysis which is of advantage when 
numerous determinations are to be performed. The solution was prepared 
by dissolving 500 mg. of the sodium salt in 500 ml. of barbiturate buffer, 
pH 9.7 (20.6 gm. of sodium barbital per liter). 1 ml. of the cold substrate 
solution was added to a small test-tube (10 X 75 mm.), followed by 1 ml. 
of homogenate. Each thyroid was represented by quadruplicate samples. 
The tubes were stoppered and inverted simultaneously. They were then 
placed in the incubator at 37° for exactly 2 hours, after which they were 
cooled in the refrigerator for 10 minutes. 1 ml. of glycine buffer, pH 11.2, 
was added to each tube, the tube then inverted, and the contents filtered 
through Whatman No. 4 filter paper (7 em.). It was found that not all 
filter papers could be used for this purpose, since many of them adsorb the 
phenolphthalein or decolorize it. Acid-washed papers in particular were 
unsatisfactory. The clear colored solution was then read in the spec- 
trophotometer at 540 my. The blank consisted of distilled water in place 
of the homogenate. The phosphatase activity was taken from the standard 
curve and recorded on the basis of micrograms of phenolphthalein liberated 
per mg. of tissue in 2 hours under the existing experimental conditions. 
This is a departure from the original procedure (2) which records activity 
on a basis of phosphatase units per 100 ml. of enzyme solution. It was 
thought that greater accuracy would be obtained with the present method, 
since the activity-enzyme concentration curve is not linear with phenol- 
phthalein phosphate as substrate (2). In the present method approxi- 
mately 1 mg. of tissue per tube is employed; hence the proportionality 
factor is small. This is not true in the original procedure in which large 
factors enhance the error. 

Because the alkaline phosphatase activity is either stimulated or in- 
hibited by small amounts of metallic ions, the use of scrupulously cleaned 
glassware cannot be overemphasized. Organic detergents should be used 


for this reason. Chromic acid should be avoided. All reagents should be 


1 The glycine buffer is the same as that used in the original procedure and contains 
9.19 gm. of glycine, 7.19 gm. of NaCl, and 15 ml. of NaOH solution (1 gm. per ml.) 
diluted to nearly a liter. Add 40 gm. of powdered Na,P.07-10H,0; dilute to mark; 
adjust to pH 11.2 if necessary. 
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analytical or reagent grade and should be dissolved in doubly distilled water 
from an all-glass still. Cork stoppers likewise should be cleaned after each 
assay. 


Results 


The phosphatase activity per mg. of thyroid tissue of the hypophysec- 
tomized rat is presented in Table I in comparison with that of the normal 
animal of approximately the same age and weight. Although the mean 
values of the two groups were found to vary slightly from determination 
to determination, the differential response of the thyroids of the two groups 
to magnesium ion (MgSQ,-7H.O) was relatively constant under the ex- 


TaBLeE [ 


Effect of MgSO, on Alkaline Phosphatase Activity in Thyroids of Normal and 
Hypophysectomized Rats 





Average Average 











Phenol- 

Rat Medium | weight ae weight per phthalein 

glan volume per mg. 

| | mg. a 

Normal (12) Saline 7.5 + 0.9/1.5 + 0.1) 4.4 + 1.0 
Hypophysectomized (11) ee 5.9 + 0.8/1.2 + 0.2) 4.5 + 0.7 
Normal (10) | 0.01 mm MgSO, (7.0 + 0.7/1.4 + 0.1) 4.7 + 1.1 
sii tlnindinnii a @) ki 0.01 ‘ _ 5.9 + 0.8/1.2 + 0.1/10.7 + 1.0 


The mean values are given with thei standund dissiadhons. pear weet: per 
gland refers to the average wet weight per gland. Average weight per volume is the 
average wet weight of tissue used in the assay. The last column gives micrograms 
of phenolphthalein liberated per mg. of tissue in the assay. The number of rats per 
group is given in parentheses. MgSO, is given in final assay concentrations. 


perimental conditions. The values in the case of the hypophysectomized 
animal were consistently 100 to 150 per cent higher than those of the 
normal in the presence of magnesium ion. 

No optimal concentration of magnesium appeared necessary, stimulation 
being effected by the same range of magnesium concentration as has been 
observed in purified phosphatase preparations, 7.e. 2 X 10-* to 1 X 107 
mm (3). No stimulation, however, appeared in the presence of 5 X 107 
mm MgSQ,. It has also been possible to obtain the same stimulatory 
response with 2 X 10-* mm MnSO,, although this same concentration of 
ZnSO; completely inhibited the phosphatase activity. 

The effect of hypophysectomy upon the thyroid phosphatase activity in 
the presence of magnesium ion made it mandatory to determine the time 
in the postoperative period at which the effect became apparent. This was 
of particular interest, since from histochemical studies (4) it was observed 
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that the thyroid phosphatase activity disappeared in 4 weeks postopera- 
tive hypophysectomized rats. Table II shows the results of experiments 
on the thyroid phosphatase activity of hypophysectomized rats at different 
postoperative periods. Values for normal animals are given for compari- 
son, as well as the effect of different concentrations of MgSO,. It will be 
seen from Table II that the stimulatory effect of magnesium ion becomes 
pronounced at about 2 weeks postoperatively, and is maintained up to and 
including 4 weeks. The phosphatase activity in saline remains statistically 
undiminished during that period. This is also true of the activity in the 
presence of MgSQ,. Also evident from the table is the wide range of 


TaBLe II 


Influence of Postoperative Period on Magnesium Stimulation of Thyroid 
Phosphatase Activity 





Postoperative period 











Medium | Normal aa cs 
| 1 wk. 2 wks. | 3 wks. 4 wks. 
Saline | 3.6 [ tsie | 3.0 3.3 2.7 
+1.3 (6) | 41.0 (6) | 41.0 (6) | 41.0 (6) | 40.4 (6) 
0.0025 mm MgSO, 4.2 5.0 7.2 6.0 5.9 
+1.4 (6) | 1.3 (6) | 42.9 (6) | 41.8 (5) | 41.3 (6) 
0.005 ‘“ re 4.3 4.8 8.8 7.5 
+1.3 (6) | 41.3 (5) | 42.2 (4) | 41.5 (5) 
0.01 “s “ 4.1 4.5 8.3 8.7 
+1.5 (6) | 41.0 (6) | 42.9 (@) | 42.6 (6) 























The mean values and their respective standard deviations represent the micro- 
grams of phenolphthalein liberated per mg. of tissue. MgSO, is given in final assay 
concentrations. The number of rats per group is given in parentheses. 


magnesium concentration that can affect the stimulation of phosphatase 
activity. On the other hand, these same concentrations of magnesium 
have no effect on the phosphatase activity of the normal thyroid. 

These results are in apparent contradiction to the histochemical observa- 
tion (4), and one might be led to believe that the discrepancy might be due 
to the use of different substrates (glycerol phosphate was used histochem- 
ically) or rat strains. The subject has been undertaken recently in this 
laboratory with both glycerol phosphatase and phenolphthalein phosphate 
and the Long-Evans rat. In both instances the thyroid phosphatase ac- 
tivity was amply present 4 weeks after hypophysectomy.? 

The effect of thyrotropic hormone (TSH) upon the metabolism of the 
thyroid has been recorded amply in the literature (5). Il was therefore of 
interest to investigate the influence of this hormone upon the magnesium 


2 Pease, M., personal communication. 
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stimulation of thyroid phosphatase activity in hypophysectomized rats. 
The TSH preparations used were the commercially available U. S. P. 
reference standard’ and material prepared in this laboratory, designated 
as Preparation T38A.4 These were dissolved in saline and injected in the 
manner mentioned earlier. Control groups were injected with saline. 
The excised glands were homogenized both in saline and in MgSO, for 
comparison. The results of the experiments are given in Table III. 

It will be noted that a distinction exists between the groups whose thy- 
roids were suspended in saline and in MgSQ, solution. This would be 
anticipated from the results presented in Table I. No such distinction is 
present among the hormone-treated animals, regardless of whether the 


TaBLeE III 


Effect of Thyrotropic Hormone on Magnesium Stimulation of Thyroid Alkaline 
Phosphatase Activity of Hypophysectomized Rat 





| Phenolphthalein per mg. 








Experiment No. Total dose TSH = |__ 
| | Glands in saline ]} Glands in 0.01 mu MgSO. 
ae : | : 
I | 400 | 334086) | 46+0.9 6) 
| 200 3.4 + 1.1 (6) 5.8 + 1.4 (6) 
100 | 3.3 + 0.5 (6) 4.4 + 1.7 (6) 
| None | 3.9 + 1.1 (6) | 9.6 + 1.2 (5) 
II | 200 | | 4.2 + 0.5 (6) 
| 100 | | 5.8 + 1.2 (7) 
None | 9.4 + 1.1 (5) 





MgSO, given in final assay concentration. The number of rats per group is given 
in parentheses. U.S. P. reference thyrotropin was used in Experiment I, whereas 
Preparation T38A was used in Experiment II. 


glands are in saline or MgSQ,. The most marked feature of the experi- 
ment is that the phosphatase activity of the saline-injected controls is 
about 100 per cent greater than that of the hormone-treated animals. 
From the values in Table III it is seen that TSH-injected animals give 
phosphatase values in MgSO, or saline which are not statistically different 
among themselves, and are of the same magnitude as those obtained with 


3U.S8. P. reference standard thyrotropin. The United States Pharmacopoeia has 
arbitrarily designated 1 mg. of this material to be equivalent to 0.05 U.S. P. thyro- 
tropin unit. Assay of this material in the hypophysectomized rat (6) gives a mini- 
mal effective dose of 10 y. The main contaminants are growth hormone, interstitial 
cell-stimulating hormone, and follicle-stimulating hormone. 

‘ Preparation T38A has a minimal effective dose of 5 y in the hypophysectomized 
rat. It is free of growth hormone, lactogenic hormone, follicle-stimulating hor- 
mone, adrenocorticotropic hormone, and interstitial cell-stimulating hormone at the 
1 mg. level. Its preparation will be reported in a future communication. 
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normal animals, which is to be expected. The difference occurs in the 
saline-injected controls which are still, metabolically speaking, hypophysec- 
tomized animals, and hence exhibit greater phosphatase activity in MgSQ,. 
Lower doses than 100 y of either TSH preparation were also used, but were 
without effect. Also noteworthy is the absence of any gradient response 
with the dosage. These results were confirmed by repeated experiments. 
The injection of 10 y of thyroxine’ or of 200 y of growth hormone® had no 
effect upon the magnesium stimulation under the same experimental condi- 
tions. 


DISCUSSION 


An interpretation of the present findings must take account of the follow- 
ing experimental observations: (1) The thyroid alkaline phosphatase ac- 
tivity per mg. of tissue of the hypophysectomized rat is the same as that 
in the normal animal when the glands are in saline. (2) This same ac- 
tivity is greater in the hypophysectomized rat than in the normal animal 
when the glands are in MgSQ,. (3) The thyroid phosphatase activity per 
mg. of tissue in saline-injected rats is the same as that in TSH-injected rats 
when the glands are in saline. (4) The thyroid phosphatase activity per 
mg. of tissue is greater in saline-injected rats than in TSH-injected rats 
when the glands are in MgSQ,. 

A complete accounting of the data is hardly possible at present in view 
of the uncertainty regarding ‘alkaline phosphatase,” its complexity (7), its 
tissue and substrate specificity (8), or even its activation by metal ions (9). 
The results would appear to suggest that a reduction in thyroid magnesium 
attends hypophysectomy, accompanied by a concentration of the enzyme 
per unit weight of tissue resulting from the atrophy of the thyroid (cf. 
Table I). In addition to these concentration changes, the alkaline phos- 
phatase activity also might be affected by changes in the natural inhibitors 
(3, 10) which are influenced presumably by the level of metabolic activity. 
It is, however, the function of future experiments to test the validity of 
these suggestions. Mention might be made at this point of the observa- 
tion that a marked decrease in plasma magnesium in toads resulted on 
hypophysectomy (11). 

Preliminary experiments with other tissues of the hypophysectomized 
rat, namely, adrenal and lymph node, indicate that the same stimulatory 
effect of magnesium upon the phosphatase activity is present. This effect, 

5 pt-Thyroxine, crystalline, E. R. Squibb and Sons. 

6 Growth hormone, generously supplied by Dr. Stanley Ellis of this laboratory. 
It is free of TSH, interstitial cell- and follicle-stimulating hormones, lactogenic 


hormone, and adrenocorticotropic hormone at the 1 mg. level and has a minimal 
effective dose of 10 y by the tibia line test (12). 


if f 


mo 


po} 
tiv 
gla 
M; 
act 
15 
als 
Zn 


of Ww bd — 





ViIM 


the 
ec- 
Ox. 
ere 
nse 


no 
di- 


on 


ed 
ry 


ry. 
nic 
nal 





I. G. FELS, M. E. SIMPSON, AND H. M. EVANS 813 


if found to be general,” would certainly warrant the investigation of hor- 
monal control of enzymatic activity through metallic activators. 


SUMMARY 


1. The thyroid alkaline phosphatase activity of the normal and hy- 
pophysectomized rat has been investigated. It was found that this ac- 
tivity per mg. of tissue was the same for both types of animals when the 
glands were homogenized in saline. In the presence of a wide range of 
MgSO, concentrations (2 X 10-* to 1 X 10-? mo), the alkaline phosphatase 
activity per mg. of tissue in the hypophysectomized animal was 100 to 
150 per cent greater than in the normal rat. This same stimulation was 
also possible with 2 X 10-* mm MnSQ,, although this concentration of 
ZnSO, was completely inhibitory. 

2. The stimulatory effect of magnesium reaches a maximum at 2 weeks 
postoperatively and is maintained up to and including four weeks. 

3. TSH-injected hypophysectomized animals do not exhibit magnesium- 
stimulated thyroid phosphatase activity and hence resemble normal ani- 
mals. 

4. The injection of thyroxine or growth hormone has no effect on the 
magnesium stimulation of the thyroid phosphatase action. 


The technical assistance of Mrs. Ruth Deane is gratefully acknowledged. 
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Ferritin and hemosiderin are two forms of storage iron of strikingly simi- 
lar chemical and physical characteristics (1). Ferritin is present in 
dispersed form within the cell, while hemosiderin is present as insoluble 
particles which are visible microscopically. The separation of these sub- 
stances has not been heretofore performed on a quantitative scale, although 
methods for the extraction of ferritin (1-4) and a qualitative separation of 
the two iron-protein compounds (5) have been reported. 

The present study was designed to separate and distinguish quantita- 
tively rabbit and human ferritin, hemosiderin, and hemoglobin and to 
determine quantitatively rabbit ferritin by an immunochemical technique. 


Methods 


Iron was determined with sulfosalicylic acid by the method of Lorber (6), 
and nitrogen by the micro-Kjeldahl procedure, with the use of a copper- 
selenium catalyst. Radioiron analyses were performed on tissue fractions 
which had been wet ashed, precipitated, and electroplated according to the 
method of Peacock et al. (7). Fe®® was counted with an argon-filled Gei- 
ger-Miiller tube having a counting efficiency of approximately 3 per cent. 

The hemoglobin content was measured as pyridine hemochromogen by 
a modification of the method of Flink and Watson (8), and the solution 
containing 1 ml. of sample, 5 ml. of 10 per cent NH,OH, 2 ml. of pyridine, 
and 2 ml. of fresh Na2S.O, was read at 500 and 555 muy in the Beckman 
model DU spectrophotometer. 

In measurements of hemoglobin in tissue extracts it was necessary to 
correct for the absorption by ferritin.! Hemoglobin was estimated as the 
pyridine hemochromogen at 555 my (molecular weight of hemoglobin taken 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service (contract No. RG 1917-C), and 
from the United States Atomic Energy Commission (contract No. AT (45-1)-218). 

1 Analyses of tissue extracts of rabbit liver extremely low in iron content showed 
linear but negligible contribution of compounds other than ferritin under the condi- 
tions of hemochromogen determination in the wave-length range of 500 to 555 mu. 
Thus no correction, other than that for ferritin absorption, was considered necessary. 
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as 68,000; iron content 0.34 per cent). The absorption spectra of ferritin 
and of the pyridine hemochromogen differ markedly; this fact permitted 
the determination of the concentration of one in the presence of the other 
from the optical densities of the solutions at several wave-lengths and from 
the ratio of extinction coefficients of isolated ferritin and the molar extine- 
tion coefficients of hemoglobin at these wave-lengths. The equation de- 
rived? for the mg. of hemoglobin iron is 


2.13 X 107? (L355 — 0.468E 500) = mg. hemoglobin iron per ml. tissue extract 


where E55 and Eso9 = log Jo/I at 555 mu and 500 my, respectively. 

Recovery studies indicated that with a hemoglobin iron and ferritin iron 
ratio of about 1:180 the error in hemoglobin determination and calculation 
was 1.9 percent. Ina ratio of 1:10, hemoglobin recovery was 100.5 per cent, 
while a ratio of 1: 1000, corresponding to a perfused, iron-heavy tissue, gave 
a hemoglobin recovery of only 81 per cent. In the latter case, however, 
because of the large amount of ferritin iron present, the error from the 
residual hemoglobin resulted in an error in the ferritin iron estimation of 
only 0.3 per cent. 

Rabbit ferritin was measured quantitatively by an immunochemical 
technique. Ferritin, prepared from rabbit livers according to the method 
of Mazur and Shorr (2), was found to be antigenic when injected into young 
adult goats. A total of 100 mg. of alum-precipitated antigen was injected 
intravenously in increasing dosages over a period of 3 weeks, and blood 
was withdrawn 5 days after the last injection for the preparation of anti- 
serum. ‘Total ferritin’’® nitrogen was estimated immunochemically in the 
region of antibody excess, with appropriate standards. The quantitative 
precipitin reaction was performed (9) by the addition of the antigen solu- 
tions to 2 ml. portions of antiserum containing enough 0.9 per cent NaCl 
to produce a final volume of 4 ml. The mixtures were incubated at 37° 


2 Let a = hemoglobin as pyridine hemochromogen; b = ferritin; « = (log Iy/I)/cl 
= extinction coefficient; EH = optical density; 1 and2 = wave-lengths 500 and 555 my, 
respectively. Hi = (€a)ifa] + (e):[b]; Ez = (€a)2[a] + (€)2[b]. Solve for [b] in both 
and equate (EZ: — (ea):[a])/(eo)1 = (H2 — (€)2[a])/(e)2. Solve for [a] and divide by 
(e)1. a = (Ey — Ey (e)2/(es)1)/((ea)2 — (€a)1 (€s)2/(@)1). Substitute the following 
values: (e2)1 = 4.1 X 104 and (e)2 = 12.8 X 104, molar extinction coeffi- 
cients; (€)2/(e)1 = 0.468, ratio of the specific extinction coefficients. Multiply by 
2312 to convert moles of hemoglobin per liter ({a]) to mg. of hemoglobin iron: 2.13 
X 10°? (E555 — 0.468E 500) = mg. of hemoglobin iron per ml. of tissue extract. The 
authors wish to thank Dr. Frank M. Huennekens for suggestions concerning the 
derivation of this equation. 

3 Since apoferritin, iron-saturated ferritin, and partially iron-saturated ferritin, 
owing to their common protein moiety, react identically with the antiserum, the 
term “total ferritin’? is used to describe the antigen reactant in unknown solution 


(6). 
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for 1 hour and refrigerated for 5 days. The centrifuged and washed spe- 
cific precipitates were analyzed for total nitrogen. 

Isotopically tagged ferritin, hemosiderin, and hemoglobin were prepared 
as follows: 

Ferritin and Hemosiderin—Saccharated iron oxide (350 mg. of iron) was 
administered intravenously to rabbits to increase their iron stores. Fe*® 
(0.9 me.) was injected intravenously, followed by 150 mg. of iron as the 
saccharated oxide in divided doses over the subsequent 3 days. 1 week 
later the animals were sacrificed, and labeled ferritin was isolated from the 
livers by the method of Mazur and Shorr (2). The specific activity of the 
ferritin thus prepared was 1.3 uc. per mg. of ferritin iron. Hemosiderin, 
containing Fe, was prepared from tissue residue. The residue was washed 
with 10 times its volume of water and centrifuged‘ at 1400 x g for 30 
minutes. This was repeated twice. The washed residue was suspended 
in 5 times its volume of water, heated to 75° in a water bath, and the sus- 
pension was filtered three times through ten layers of 20/12 gage gauze. 
The granules passing through the gauze were washed twice with 10 volumes 
of 2 per cent (NH4)2SOx, followed by two washes with 5 volumes of water 
to remove the (NH,)2SO,. The final water suspension contained only 
brown hemosiderin granules as observed under the microscope. The spe- 
cific activity of the purified hemosiderin thus prepared was 0.6 uc. per mg. 
of hemosiderin iron. 

Hemoglobin—Rabbits were injected intravenously with 0.9 me. of Fe®°. 
Blood was withdrawn by cardiac puncture, and the red cells were isolated 
by centrifugation, lyzed in distilled water, and the stroma fraction was then 
separated by centrifugation. The specific activity of the hemoglobin was 
4.2 uc. per mg. of iron. 


Tissue Fractionation for Ferritin, Hemosiderin, and Hemoglobin 


Fractionation of rabbit livers for the iron compounds was carried out 
after perfusion of the liver in situ through the portal vein with 0.9 per cent 
NaCl; fractionations of human liver were performed on non-perfused tissue. 
In both species, spleen, kidney, lung, and other organs were equally satis- 
factory for fractionation. 

The tissue was cut into small pieces and homogenized in a Waring 
blendor for approximately 3 minutes. A sample was taken for dry weight 
and for iron analysis. Aliquots of 8 to 20 gm. of blended tissue were 
fractionated. 

The tissue aliquot (e.g., 10 gm.) was extracted with twice its weight of 
distilled water for 5 minutes in the semimicro Waring blendor. The sus- 


‘2500 r.p.m.; radius from center of tube, 20 cm.; International No. 2 centrifuge, 
No. 240 head. 
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pension was transferred to a 100 ml. Lusteroid tube, and the blendor was 
washed three times with a total of about 7 ml. of distilled water. The 
suspension was centrifuged for 30 minutes at 1400 X g and the supernatant 
fluid was decanted. The residue was washed with the same amount of 
water as in the initial extraction, the centrifugation repeated, and the 
extracts were combined. 

For the determination of hemosiderin iron, the tissue residue was hy- 
drolyzed for 2 hours in a boiling water bath with 5 times its weight of 1 
per cent NaOH. 

Ferritin and hemoglobin iron may be differentiated directly in the ex- 
tract by the hemochromogen method, since ferritin iron equals the total 
iron content of the extract minus the hemoglobin iron content. 

In general, fractionation experiments for tissue ferritin, hemosiderin, and 
hemoglobin iron were carried out adequately with the above method. 
However, if it was desirable to separate ferritin from hemoglobin, the origi- 
nal extract was transferred to a 150 ml. beaker and heated to 75° with 
mechanical stirring in a water bath. The heating process required 5 min- 
utes. (It was necessary to standardize these conditions carefully.) The 
beaker was then placed in an ice bath for 30 minutes, and the contents were 
subsequently transferred to a 100 ml. Lusteroid tube and centrifuged at 
1400 X g for 30 minutes. The supernatant fluid was decanted; the heat 
coagulum was washed with 10 ml. of water, recentrifuged for 15 minutes, 
and the wash liquid was added to the first supernatant fluid. This soluble 
fraction from the heated extract will be referred to hereafter as heat su- 
pernatant fluid. 

The heat coagulum, containing hemoglobin and small amounts of other 
hemoproteins, was subjected to alkaline hydrolysis identical to that ap- 
plied to the tissue residue fraction, and iron analysis was performed. 

The heat supernatant fluid, containing ferritin, was subjected to direct 
iron analysis and immunochemical measurements. 

To purify and compare the ferritin fraction further, ammonium sulfate 
to 50 per cent saturation (35 gm. of (NH,4)2SO, per 100 ml.) was added to 
the heat supernatant fluid, and this was allowed to stand at room temper- 
ature for about 20 hours. The precipitate was dissolved in water, and 
the ferritin was further purified from this fraction by crystallization with 
cadmium sulfate (10). 


Results 


The results of a complete fractionation of rabbit liver are given in Table 
I. It was found that in two water extractions of tissue, with either low or 
high iron content, about 98 per cent of the extractable iron was recovered. 
Increasing the amount of water did not affect recovery, and a cloudy ex- 
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tract did not interfere with the results for total iron or pyridine hemo- 
chromogen. While the water extract was usually unsatisfactory for the 
immunochemical determination of ferritin, the clear soluble fraction, ob- 
tained after heating the extract, gave consistently accurate results by using 


TaBLeE [ 
Fractionation of Rabbit Livers for Ferritin, Hemosiderin, and Hemoglobin Iron 


8 gm. of non-perfused, iron-heavy liver samples were extracted twice with varying 
amounts of water and fractionated. All values represent duplicate fractionations. 





| “| Heat 
Re yg Heat supernatant owe Ammonium sulfate ppt. 


Water for each 
extraction rao 


Total | Total Total | Total Total Ferritin| Total | Total Total | Total Ferritin 
iron | iron | iron | ferritin = Fe:N | iron | iron | ferritin — Fe:N 


























iron* iron* 
mg. | mg. | mg. mg. mg. mg. | mg. mg. mg. 
2 X tissue 17.0) 19.8) 15.0) 15.2 | 6.8 | 2.24 | 2.0 | 14.2) 14.3 | 6.3 | 2.27 
weight 
3 X tissue 16.5) 19.5) 14.6) 15.1 | 6.6 | 2.29 | 1.9 | 13.9, 13.9 | 6.2 | 2.26 
weight 








4X tissue 16.8) 19.6) 14.7; 14.8 | 6.6 | 2.24) 1.8 | 13.3) 14.2 | 6.1 | 2.33 
weight 



































* Determined immunochemically. 


TABLE II 
Recovery of Labeled Hemoglobin, Ferritin, and Hemosiderin from Rabbit Livers 


To 20 gm. samples of perfused, iron-heavy rabbit livers was added hemoglobin, 
ferritin, or hemosiderin containing Fe5®, and the samples were partitioned for the 
iron compounds. All fractionations were run in duplicate. 








commeal cana Extract Residue Heat supernatant Heat coagulum 
| “- Pg per cent as per cent “ie o per cent |“? om | per cent 
Hemoglobin...... 555 94 33.8 6 19.5 3 535 91 
MOETIGIN << 46.560:6:<0.2 144 98 2.7 2 135 92 8.8 6 
Hemosiderin..... 28 6 420 94 | 

















an appropriate dilution of this fraction with 0.9 per cent NaCl. The heat 
supernatant fluids were found to be free of hemoglobin, and the iron con- 
tent was essentially the same as that of ferritin determined immunochemic- 
ally. Although there was a 7 per cent loss of ferritin after precipitation 
with ammonium sulfate, the average ferritin iron to nitrogen ratio of 2.29 in 
this fraction agreed well with average ratios of 2.26 obtained in the heat 
supernatant fraction and 2.29 obtained in the crystallized ferritin sample. 
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In Table II a recovery experiment is summarized in which tracer amounts 
of isotopically labeled ferritin, hemosiderin, and hemoglobin were added to 
rabbit livers. It may be seen that there is localization of the added radio- 
iron in the appropriate fraction. While it would appear with the radioac- 
tive technique that there was a loss of about 6 per cent of ferritin iron 
into the heat coagulum, immunochemical measurements indicated a more 
complete recovery (98 per cent) in the heat supernatant fraction. 

From the recovery data on human tissue, presented in Table III, it is 
evident that the fractionation method may be employed for a quantitative 
separation of hemoglobin and ferritin in one fraction and hemosiderin in 
the other, and the analytical methods allow the determination of the three 
iron compounds. Studies involving heat coagulation on human tissue are 


TaB_eE III 
Recovery of Hemoglobin, Ferritin, and Hemosiderin from Human Liver 
10 gm. samples of human, non-perfused liver were fractionated for the iron com- 
pounds with and without added hemoglobin, ferritin, or hemosiderin iron. Each 
set of values represents an average of replicate fractionations. 





Added compound Extract | ped ran | Residue ena 
a whe i. | we. iron 
SE ee Ee 3.58 We Sa 
Hemoglobin (0.56 mg. iron).... 4.28 103.4 | 3.14 
Ferritin (2.15 mg. iron)...... 5.62 98.1 | 3.29 
Hemosiderin (2.87 mg. iron).... 3.76 5.87 97.2 





not reported; while storage in a frozen state does not affect the initial ex- 
traction, this has been found to interfere occasionally with the separation 
of hemoglobin and ferritin by heat coagulation. 


DISCUSSION 


A method has been described for the quantitative fractionation of tissue 
ferritin, hemosiderin, and hemoglobin iron. It has been demonstrated by 
immunochemical and radioactive techniques that the linkage between iron 
and its protein complexes is sufficiently strong so that the measurement of 
one may be taken to represent the other in this fractionation procedure. 

It is not unlikely that a graded series of molecular aggregates exists from 
ferritin to the visible particles of hemosiderin. By varying the speed of 
centrifugation it is possible to change the proportion of these two fractions. 
The purpose of the present study has been to devise a reproducible method 
of separating the hemosiderin and ferritin iron into two fractions, each one 
containing the predominant characteristics of one of these compounds. 
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The method presented disregards other iron complexes of tissue. These 
would seem so small in amount as to be of no concern in the measurements 
(11). With the variation in the iron content from one portion of an organ 
to another, there seems to be little purpose in a method with an accuracy 
of greater than +5 per cent. 


The authors wish to acknowledge the valuable technical assistance of 
Mrs. Alice Rupen. 


SUMMARY 


The quantitative fractionation of rabbit and human tissues for ferritin, 
hemosiderin, and hemoglobin has been accomplished with an over-all ac- 
curacy of approximately -+-5 per cent. 

Rabbit ferritin was determined quantitatively by an immunochemical 
technique with goat antiserum. 

Results on fractionated tissues of iron analyses, immunochemical meas- 
urements, and recovery of radioiron-labeled compounds have established 
the validity of the procedure. 
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THE RELATIONSHIP BETWEEN FERRITIN AND 
HEMOSIDERIN IN RABBITS AND MAN* 
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FINCH 


(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington) 


(Received for publication, February 2, 1953) 


Iron is stored in tissues as ferritin and hemosiderin. These compounds 
are increased in a state of iron excess and become depleted with iron defi- 
ciency (2). Both may be considered to represent iron reserves which may 
be mobilized when needed. 

The functional relationship between these two compounds has been a 
matter of speculation. It has been suggested that the ferritin fraction 
represents more “labile” iron reserves; it has been suggested also that 
ferritin and hemosiderin are different physical forms of the same iron- 
protein complex (3). The present studies are an attempt to clarify the 
relationship of these compounds in animals and man. 


Methods 


New Zealand white rabbits, weighing 2 to 4 kilos, were given various 
iron preparations. They were sacrificed by air embolism, and their livers 
were perfused through the portal vein with 0.9 per cent NaCl. Other 
tissues were not perfused. The analysis for ferritin and hemosiderin iron 
was performed immediately or occasionally after 24 hours storage in the 
frozen state. 

Human tissues were obtained at autopsy and were kept frozen until 
fractionated. 

The quantitative fractionation method employed to separate ferritin, 
hemosiderin, and hemoglobin in 10 gm. tissue aliquots and the preparation 
of crystalline ferritin and purified hemosiderin granules labeled with Fe®® 
have been described in detail (4). 

{adioactive iron in the tissue was processed by wet ashing, precipitation, 
and electroplating, and the two isotopes were differentially counted accord- 
ing to the method of Peacock et al. (5). The specific activity of the Fe™® 
and Fe®® was approximately 0.5 to 1 me. per mg. of iron. In experiments 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service (contract No. RG 1917-C), and 
from the United States Atomic Energy Commission (contract No. AT(45-1)-218). 
A preliminary report has appeared (1). 
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in which both tracers were employed, the cross-counting was less than 5 tral 
per cent. 

















pat 
Saccharated oxide of radioiron was prepared by the method of Nissim reti 
and Robson (6). of § 
Fig 
Results the 
Quantitative Relationship between Ferritin and Hemosiderin Iron of Tissues 
The content of ferritin and hemosiderin iron was determined in rabbits 
injected intravenously with 50 to 2000 mg. of iron as saccharated iron 
1200, y 
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Fig. 1. Fractionation of iron of rabbit liver depicting early (a) and late (6) dis- 
tribution of intravenously injected iron as saccharated iron oxide. The animals in 
group (a) were sacrificed 1 month after iron administration. Those in group (b) 
were sacrificed after 1 to 2 years. Each set of points (ferritin and hemosiderin) rep- 
resents the fractionation of one rabbit liver. 


oxide.! One group of animals was sacrificed within 1 month of the time of 
injection (Fig. 1, a). At lower levels, iron was present predominantly as 
ferritin, but with increasing iron the ratio was reversed and hemosiderin an 
iron predominated. The second group of rabbits was sacrificed after 1 to sul 
2 years (Fig. 1, b). While the total liver iron was higher in this group, a 
maximal level of about 200 mg. of ferritin iron per 100 gm. of tissue was 


found. This would indicate that, when adequate time is allowed for cellu- re 
lar adjustment, all storage iron beyond a certain amount is present as ’ 
hemosiderin. ” 


Comparable relationships between hemosiderin and ferritin were found 
in the splenic tissue of these two groups of rabbits (Fig. 2). The concen- 


1 We are indebted to Smith, Kline, and French for the feojectin (saccharated iron 
oxide) used in these experiments. 
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tration of iron was greater in this tissue than in liver. This was antici- 
pated, since the saccharated iron oxide administered is taken up by the 
reticulo-endothelial tissue and converted to storage iron (2). The amount 
of splenic iron diminished with time, and the liver analyses illustrated in 


Fig. 1, a and 6 indicate that this was attributable to a rerouting of iron to 
the liver. 
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Fic. 2. Fractionation of iron of rabbit spleen depicting early (a) and late (6) 
distribution of intravenously injected iron as saccharated iron oxide. The animals 
in group (a) were sacrificed 1 month after iron administration. Those in group (6) 
were sacrificed after 1 to 2 years. Each set of points (ferritin and hemosiderin) 
represents the fractionation of one rabbit liver. 
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Fia. 3. Fractionation of liver and splenic ironin man. Each set of points (ferritin 
and hemosiderin) represents the fractionation of one tissue. The squares refer to 
subjects in which storage fractions of both liver and spleen are graphed. 


In human tissues at normal levels of iron content ferritin-hemosiderin 
ratios were variable, with a slight preponderance of ferritin iron. As the 
total iron increased, however, a progressively higher percentage of hemo- 
siderin iron was found (Fig. 3). 


Iron Exchange between Plasma and Iron Storage Compounds 


Radioiron was injected intravenously into rabbits as FeCl; in tracer 
amounts or as saccharated Fe® oxide, and its distribution in the ferritin 
and hemosiderin fractions of the livers was determined. 10 to 25 per cent 
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of the inorganic radioiron, injected in tracer amounts (1 to 10 y of iron) 
well within the binding capacity of the serum, was localized in the liver, 


TaBLe I 
Distribution of Liver Storage Iron Following Iron Administration 


‘ Per cent radioactive 
Total Per cent iron as - 





Rabbit Form of iron Conditions of | iron | ee 
No. administered* | experimentt Pigs i i | % 
| a sidevin | Ferritin siderin 
| me 
1 | FeCl; | Killed 24 hrs. 8.5 | 77.5 | 22.5 | Fe5® 84.4 | 15.6 
after injection 
2 n a 10.0 | 82.2] 17.8 | Fe®? 96.3 | 3.7 
3 | FeCl; | Fe®*, 2hrs. later} 30.9 | 68.8 | 31.2| Fe998.2/| 2.6 
Saccharated Fe*® 50 mg. Fe®5; Fe55 64.5 | 35.5 
killed after 24 | 
hrs. 
4 | FeCl; Fe®,2 hrs. later) 27.8 | 72.9 | 27.1 | Fe5991.7 | 8.3 
Saccharated Fe*® 50 mg. Fe; Fes 86.5 | 13.5 
killed after 14) | 
days | 
5 | FeCl; Fe5®, 2 hrs. later} 44.4 | 65.3 | 34.7 | Fe5? 86.0 | 14.0 


Saccharated Fe*® 200 mg. Fe; 


| Fe®5 81.4 | 18.6 
killed after 18 


days | 
| 
6 | Saccharated Fe®>| 200 mg. Fe® fol-| 90.0 | 66.5 | 33.5 | Fe®> 88.3 | 11.7 
Fe®Cl; lowed by Fe59;| Fe®? 70.9 | 29.1 
killed after 10) 
days | 


7 | Saccharated Fe; 200 mg. Fe®5; | 72.9 | 62.0] 38.0 | Fe 69.8 | 30.2 
killed after 11 
days 





| | 

| 
8 | FeSCl; | Killed after 24 | 8.5 | 70.7 | 29.3 | Fe55 82.5 | 17.5 
hrs. | 

















| 
| 


* Intravenously except for Rabbit 8, which received the iron intragastrically. 
+t When the amount of iron injected is not specified, it represents a tracer dose. 


A slightly greater amount of the tagged iron was found in the ferritin 
fraction than would be anticipated from the distribution of non-radioactive 
ferritin and hemosiderin (Rabbits 1 and 2, Table I). When the tracer dose 
was followed by a large dose of saccharated iron, there was no shift of 
activity from ferritin to hemosiderin in 24 hours (Fe®® data of Rabbit 3) 
and only a slight shift after 2 weeks (Fe®* data of Rabbits 4 and 5). How- 


evi 
ar 
ch: 


tio 


ar 


of 
we 
ag 


pq] et 





ViIM 


on) 
ver, 


emo- 
lerin 


or bo 
« 


9. 


—_ 


0.2 


~I 
ao 


se. 


‘tin 
tive 
lose 
t of 
t 3) 


[ow- 





A. SHODEN, B. W. GABRIO, AND C. A. FINCH 827 


ever, When Fe®*°Cl; was injected after iron loading, a somewhat greater 
amount was found in the hemosiderin fraction (Rabbit 6). When sac- 
charated Fe®> oxide was injected in a large dosage of total iron, its distribu- 
tion was more similar to that of the total iron of the tissue (Rabbits 3 to 
7). In one animal iron administered orally was found to be deposited in 
a ratio similar to the ferritin-hemosiderin iron ratio in the tissue (Rabbit 8). 


TaBLe IT 
Distribution of Ferritin and Hemosiderin in Rabbit Liver after Intravenous 
Administration of These Compounds 
Ferritin (4 mg. of iron per animal; 200,000 c.p.m. of Fe®®) and hemosiderin (10 mg. 
of iron per animal; 33,000 c.p.m. of Fe®®) were injected intravenously. The livers 
were fractionated for ferritin and hemosiderin iron. Each value represents an aver- 
age of replicate determinations on duplicate 10 gm. samples of liver. 


; Time of | eb ane Per cent iron as Per cent Fe59 as 
Rabbit No, ommot iron sage after per 00 gm. | ) 
tion | Ferritin | Sigerin | Ferritin | — 
min. mg. | 
Fl Ferritin 30 9.5 79 =| 21 78 22 
hrs 
F2 on 1 7.5 56 44 62 33 
F3 = 2 14.2 Sorec be oh: 46 25 
F4 ss 6 26.3 57 | 4&8 48 52 
F5 oS 24 18.2 58 | 42 68 32 
H1 Hemosiderin 6 17.6 45 | 55 49 51 
H2 es 24 30.8 66 | 


| 34 61 39 


Interrelationship of Ferritin and Hemosiderin Administered Intravenously 


Fe®*-labeled ferritin and hemosiderin were injected intravenously into 
rabbits which were sacrificed from 30 minutes to 24 hours after injection. 
The tagged compounds rapidly disappeared from the blood stream. The 
data reported in Table II show that, whether administered as ferritin or 
hemosiderin, the radioactivity was found distributed in the liver between 
the two fractions proportional to the over-all distribution of these com- 
pounds. 


Mobilization of Iron from Ferritin and Hemosiderin Storage Fractions 


In order to determine whether either one of these iron storage compounds 
was mobilized preferentially, two groups of rabbits were injected with 250 
mg. of Fe®® as the saccharated iron oxide and a tracer amount of iron as 
Fe®Cl;.. The rabbits in Group I served as controls and were not bled. 
The rabbits of Group II were bled to 500 ml. over a period of 3 weeks, 
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at which time both groups were sacrificed. These bleedings represented 
the removal of as much as 180 mg. of iron and resulted in an appreciable 
reduction in total liver iron compared with that of the control animals, 
This did not disturb the ferritin-hemosiderin iron ratio or the distribution 
of radioiron given as either the saccharated oxide or the chloride (Table 
III). 


TaBLe III 
Mobilization of Iron from Ferritin and Hemosiderin of Rabbit Liver 
All rabbits (Groups I and II) were injected intravenously with saccharated oxide 
of Fe®5 (250 mg. of iron) followed by a tracer amount of iron as Fe5°Cl;._ The animals 
in Group II were bled to 500 ml. over 3 weeks, at which time both groups were sacri- 
ficed. The livers were fractionated for ferritin and hemosiderin iron. Each value 


represents an average of replicate determinations on duplicate 10 gm. samples of 
liver. 


| hei a Per cent iron as Per cent Fe55 as Per cent Fe? as 
Group No. —" a 100 5 area. "hana weer 
| gm. liver Ferritin bio Ferritin — Ferritin i 
wen | | me. 
I. Controls | Cl | 97 59 41 85 15 91 9 
| C2 | 130 54 46 84 16 88 12 
C3 | 136 43 57 70 30 84 16 
C4 | 182 48 52 73 4 | 88 12 
AVGPARG... is .0.2 | 2A 51 49 78 22 88 12 
II. Bled | Bl | 48 52 48 79 21 86 14 
B2 48 65 35 86 14 91 9 
B3 96 48 52 80 20 90 10 
B4 63 40 Co | WW | 80 20 
Average..........| 64 51 49 | 79 21 87 13 
DISCUSSION 


The relationships between ferritin and hemosiderin in iron deposition 
and iron mobilization have been described. From the studies reported in 
Tables I to III, it is obvious that hemosiderin and ferritin are intimately 
related, and a number of pathways in storage and mobilization of iron 
within the cell appear possible (Fig. 4). Inorganic iron in tracer amounts, 
whether given alone or followed by a loading dose of saccharated iron, is 
found in somewhat greater amount in the ferritin fraction than would be 
expected from the distribution of non-labeled compounds in the tissue 
(Pathway 1, Fig. 4, A). This is also true of ingested iron. 

Loading doses of saccharated iron, in the early stages of iron deposition 
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(24 hours), show relatively larger amounts in the hemosiderin fraction, 
while the original tracer dose of iron has not altered its initial distribution. 
This would imply that the loading iron either is directly adsorbed on to 
hemosiderin (Pathway 2, Fig. 4, A) or is incorporated into ferritin which 
undergoes aggregate formation without admixture with ferritin already 
present (Pathway 3). Long term studies in iron loading (Figs. 1 and 2) 
indicate that a maximal level of ferritin is attained beyond which further 
iron storage is reflected quantitatively as hemosiderin. This may result 
from a conversion of ferritin to hemosiderin (Pathway 4, Fig. 4, A) and 
possibly from a direct iron deposition as hemosiderin (Pathway 2). Intra- 
cellular exchange between ferritin and hemosiderin iron is suggested also 





A. IRON_ DEPOSITION B. IRON MOBILIZATION 
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Fia. 4. Possible relationships between ferritin and hemosiderin in iron deposition 
and iron mobilization. The physiological significance of any specific pathway of 
exchange of iron is not implied. 


by short term loading experiments (14 and 18 days) in which colloidal iron 
as the saccharated oxide was administered. A redistribution, either 
through a disaggregation of tagged iron from hemosiderin to ferritin or a 
transfer of adsorbed iron from hemosiderin to ferritin (Pathway 5), is 
implied. In addition, tagged iron, injected as ferritin and hemosiderin, is 
localized in the tissues in proportion to their ferritin-hemosiderin content. 
The strong binding of iron by these compounds would seem to preclude 
any appreciable exchange of radioiron in the serum. Thus, the injected 
hemosiderin or ferritin, after its uptake by the cell, must be altered to as- 
sume the physical characteristics of both (Pathways 4 and 5) or the iron 
of these compounds must be split off and redistributed within the cell. 
Whereas a number of exchanges between ferritin and hemosiderin iron 
have been demonstrated, the observations are consistent with the concept 
that hemosiderin represents an aggregate of ferritin molecules and that 
the tendency for aggregate formation is increased with increased cell iron. 
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Studies of the mobilization of iron, although they do not permit specu- 
lation concerning the intracellular exchange between the iron storage com- 
pounds, indicate that iron is mobilized from both ferritin and hemosiderin 
(Fig. 4, B). Only when hemosiderin is present in excessive amounts, form- 
ing aggregates so large as to interfere with cell function, is the mobilization 
of iron impaired (2). 


The authors wish to acknowledge the valuable technical assistance of 
Mr. Wilbur Linde and Mr. Robert McKay. 


SUMMARY 


Human and rabbit tissues of widely varying iron content were fraction- 
ated quantitatively to determine the pattern of distribution of ferritin and 
hemosiderin iron. 

At physiological levels of tissue iron a slight preponderance of ferritin 
over hemosiderin iron was found. With increasing concentrations of iron, 
hemosiderin stores predominated. At high levels, additional storage iron 
was reflected by a quantitative increase in hemosiderin. 

Radioiron, administered orally or parenterally in tracer amounts, was 
stored as hemosiderin as well as ferritin, and, when mobilization of iron 
occurs, it has been shown to be derived from both ferritin and hemosiderin 
fractions of the tissue. Pathways of iron exchange between cell and plasma 
and the intracellular arrangement have been discussed. 

The results indicate that these two types of storage iron are intimately 
associated and are functionally indistinguishable. It appears likely that 
these compounds differ only in physical form. 
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NON-ENZYMATIC TRANSAMINATION WITH GLYOXYLIC 
ACID AND VARIOUS AMINO ACIDS* 


By HENRY I. NAKADAf anp SIDNEY WEINHOUSE 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
and the Department of Chemistry, Temple University, 
Philadelphia, Pennsylvania) 


(Received for publication, March 28, 1953) 


An important consideration in formulating the interconversion of keto 
and amino acids as a transamination involving the intermediate forma- 
tion of a Schiff base is the non-enzymatic occurrence of such reactions in 
certain model systems (1-3). Hitherto, all non-enzymatic transaminations 
have been observed under grossly unphysiological conditions of tempera- 
ture and pH (3-5). In studying the metabolism of glyoxylic acid, we ob- 
served a rapid, non-enzymatic conversion of glyoxylate to glycine in the 
presence of various amino acids, which differed from previous similar 
reactions in occurring at low temperature and in the physiological pH 
range. In the present communication we are recording a brief study of 
this phenomenon. 


EXPERIMENTAL AND DISCUSSION 


This study was initiated by the observation that glycine was formed at 
room temperature in solutions containing only glyoxylic and glutamic 
acids. Glycine was identified by paper chromatography. As a first ap- 
proach, a survey was made of the specificity of the reaction with respect 
to carbonyl] and amino components. The three carbonyl compounds, 
glyoxylic, a-ketoglutaric, and pyruvic acids, were each allowed to react 
with a series of amino acids, and the formation of glycine, glutamic acid, 
and alanine examined by paper chromatography (5). Glyoxylic acid was 
prepared as previously described (6) and the amino acids were commercial 
products tested for purity by paper chromatography. 1 ml. of each of 
the keto acids in 0.01 m concentration in a 0.1 M phosphate buffer solution 
of pH 7.4 was mixed with 1 ml. of each amino acid solution similarly pre- 
pared, and the mixtures were incubated for 2, 24, and 48 hours at ap- 
proximately 25°. As seen in Table I, of the three carbonyl compounds, 


* Aided by grants from the United States Atomic Energy Commission, contract 
No. AT(30-1)777; the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service, and the American Cancer Society. 

+ The material of this paper is included in a thesis presented by Mr. Henry I. 
Nakada to the Graduate School of Temple University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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only glyoxylic acid reacted. The relative extent of its conversion to 
glycine was estimated by the intensity of the glycine spot after ninhydrin 
treatment; this is designated by 1 to 5 plus signs. The concomitant for- 
mation of a-ketoglutarate from glutamate in these experiments was shown 


TaBLeE I 
Survey of Amino Acids Taking Part in Non-Enzymatic Transamination with Glyozylic 
Acid and Other Keto Acids 
The system contains 0.01 m keto acid, 0.01 m amino acid, and 0.1 m phosphate 
buffer, pH 7.4, in a total volume of 2 ml. The reaction was carried out at room 
temperature, 25-30°. 





Relat ve intensity of ninhydrin spot of amino acid corresponding to keto 











acid adde 
Amino acid Glyoxylate wal Pyruvate 
| ahs. | 24brs, | 48hrs. | 48hrs. | 48 hrs, 
ns ere ste rs 0 | 0 | 0 0 | 0 
DI-AIANING:.: 4). | 0 | + | +--+ 0 = 
TIATMINING | 6:55 ss os eee os | 0 | + | ++ 0 0 
L-Asparagine.............. 0 | ott | +44 0 0 
L-Aspartic acid..........| 0 | + | ++ 0 0 
MOVSUGING . 5... ses ceseecs 0 | 0 | 0 0 0 
L-Glutamic acid........... | ee |) ee) ee - 0 
L-Glutamine.............| +++ | ++4+4 | +4444 ~_ 0 
GUI os csticec ake @ Sse! Mey dh ok 0 
TAUIOIAIND foc dcp ccc aire | 0 0 0 | 0 0 
2) 10): | 0 o+ | 0+ | 0 0 
pL-Ornithine.............. | 0 +0 + | 0 0 
preernne. 9. fe 0 0 0 | 0 0 
pu-Threonine............. 0 0 0 | 0 0 
L-Tryptophan............. 0 0 + 0 0 
rod lip 1 | 0 0 0 0 0 
puL-Valine....... | 0 0 0 0 0 
LCL Si 0) Ae a 0 0 0 0 0 
1 Ee ee lt ew esa 0 0 





qualitatively by paper chromatography of the 2,4-dinitrophenylhydra- 
zone.} 

After 2 hours, only glutamic acid and glutamine yielded any glycine, 
the latter somewhat more than the former. In 24 hours glycine spots 
appeared with alanine, arginine, aspartate, asparagine, ornithine, and 
phenylalanine. Of the amino acids that caused the formation of glycine 
in 48 hours, only histidine and tryptophan failed to show evidence of re- 
action in 24 hours. Glycine appeared only when glyoxylate was present 


1 Unpublished method of K. F. Lewis in our laboratory. 
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and accompanied by an amino acid; ammonia was unable to aminate 
glyoxylic acid. 

Because of the special position of pyridoxal and pyridoxamine in en- 
zymatic transaminations and the recent demonstrations by Metzler and 
Snell of non-enzymatic transaminations involving a number of amino acids 
with pyridoxal (4, 5), pyridoxamine was included in our survey. However, 
transamination with glyoxylate was undetectable under the mild con- 
ditions employed in this study. The reaction is not reversible under the 
conditions used. No evidence of glyoxylate formation could be obtained 
on incubation of glycine with various keto acids. 

The relative efficiencies of glutamic and aspartic acids were compared 
with their corresponding amides, a quantitative colorimetric method of 


TaB_e II 
Formation of Glycine by Transamination with Glyoxylic Acid and Dicarbozylic Amino 
Acids and Amides 
Each test vessel contained 0.01 m glyoxylic acid, 0.01 m amino acid, and 0.1 m 


phosphate buffer, pH 7.4, to make 1 ml. The solutions were incubated at room 
temperature, 25-30°. 





Glycine formed 





Amino acid | 











| 2 hrs. 24 hrs. 

| uM uM 
PsA SPAPUC ROMO ic.0 shoe 5 cee eee een ees | 0.107 0.333 
T-NSDAERMINIO? oie coset eect Re Rta | 0.144 1.02 
Be ee EY eee | 0.072 0.417 
T-GUUERRUNOS 5 505 kbs ksi ae oa ene oa | 0.43 1.00 





glycine determination being used (7). As seen in Table II, asparagine 
and glutamine were more active than the corresponding acids, and though 
glutamine was more active than asparagine after 2 hours, they reacted to 
about the same extent in 24 hours. Since 10 uM each of glyoxylate and 
amino acid were originally present, it is evident that the reaction did not 
proceed very far toward completion. The extent of the reaction is shown 
graphically in Fig. 1. Since the initial concentration of glyoxylate was 
0.007 m in this experiment, the reaction stopped when only about 10 per 
cent of the glyoxylate had undergone amination. 

Some additional properties of this system are displayed in Fig. 2. In 
contrast with the model transaminations studied by Herbst (3) which were 
acid-catalyzed, the reaction between glyoxylate and glutamine was greatly 
accelerated by increased hydroxyl ion concentration. As expected, the 
rate of glycine formation was augmented by increases in temperature and 
glutamine concentration. 

The metabolic interconversion of glycine and glyoxylate has been dem- 
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onstrated both in vivo (6, 8) and in vitro (9-11). Table III shows a 
comparison of the relative speed of the non-enzymatic with that of the 
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Fig. 1. Rate of glycine formation. The system contains 0.007 m glyoxylic acid 
and 0.02 m glutamine in 0.1 m phosphate buffer, pH 7.4. Incubated at room tem- 
perature for the periods indicated. 
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Fic. 2. Effect of pH, glutamine concentration, and temperature on glycine for- 
mation. Curve 1, 0.01 m glyoxylic acid, 0.01 m glutamine, and pH varied with 0.1 
phosphate buffers. The reaction was carried out at room temperature for 4 hours. 
Curve 2, 0.01 m glyoxylic acid, glutamine varied, and pH 7.4 with 0.1 m phosphate 
buffer. The reaction was carried out at room temperature for 4 hours. Curve 3, 
0.01 m glyoxylic acid, 0.01 m glutamine, and 0.1 m phosphate buffer, pH. 7.4. Incuba- 
tion 4 hours at the temperature indicated. 


enzymatic reaction in rat liver. The components of this system were 
glyoxylate and glutamine in a 0.15 m KCl-phosphate buffer solution at 
pH 7.4, and the source of enzyme was a whole homogenate of rat liver. 
The data of Experiment 1 show that the enzymatic reaction without added 
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glutamine was about four times faster, and with glutamine about eight to 
ten times faster, than the corresponding reaction in the presence of in- 
activated tissue; thus, there is undoubtedly an enzymatic catalysis of this 
reaction. 

Though no intermediates of this reaction have yet been isolated, it is 
formulated as a transamination, since ammonia itself is inert and a-keto- 
glutarate has been identified as a product of the reaction of glyoxylate 
with glutamate. Enzymatic transamination reactions are regarded as 
involving an intermolecular condensation to form a Schiff base (1-3). 
It is generally believed that keto and amino acids may not react directly 


TasB_Le III 


Comparison between Enzymatic and Non-Enzymatic Glycine Synthesis by 
Transamination with Glyorylic Acid and Glutamine 


The system contained substrates in the concentrations indicated plus 1 ml. of rat 
liver whole homogenate (prepared by homogenizing 1 gm. of liver in 6 ml. of isotonic 
KCl solution), in a total volume of 3 ml. of phosphate-buffered isotonic KC] solution. 
The vessels were incubated in air at 37° for 4 hours. 

















Taaiie | ea acid, aa ae Sus Glycine f formed — 
| Rupesleons 1 Experiment 2 
| BM uM 
None .| + 0 0 0 
eee | + + 0.63 0.675 
Rat liver homogenate. | 0 0 0.94 0.90 
as ee | + 0 2.32 2.16 
MS ai id == as 7.44 7.95 
Boiled rat liver homogenate . oa 0 0.54 * 
y oe es ei oe 0.81 _ 





* Not run. 


but only through the pyridoxal-pyridoxamine system, in view of its réle 
as coenzyme in this reaction. The present study has demonstrated that a 
transfer of the amino group of glutamate to glyoxylate can occur directly 
under physiological conditions without the intermediation of the pyridoxal- 
pyridoxamine system. 


SUMMARY 


A non-enzymatic transamination with glyoxylic acid and various amino 
acids was found to occur under physiological conditions of temperature 
and pH, yielding glycine and the corresponding keto acid. Other keto 
acids such as pyruvie and a-ketoglutaric were inactive under the same 
conditions. The dicarboxylic amino acids and their amides were most 
active and ammonia and pyridoxamine were inactive. The enzymatic 
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reaction, catalyzed by rat liver homogenate, was considerably more rapid 
than the non-enzymatic reaction. 
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In a previous report (1) it was shown that dialkylfluorophosphatase 
(DFPase) was activated by Co** or Mn* and by cofactors such as amino 
acids and other nitrogen-containing organic compounds. Smith (2) has 
demonstrated that metal activation of proteolytic enzymes followed a 
stoichiometric reaction and that the law of mass action could be applied 
to enzyme-metal binding. The réle of metal chelation in the activation 
of enzyme systems has also been reviewed by Martell and Calvin (3). 

The present investigation is concerned with (a) the reactions between 
metals, cofactors, and dialkylfluorophosphatase, (b) a study of some phases 
of the kinetics of these reactions, and (c) the effects of chelating agents 
on the system. 


Theory 


Smith (2) applied the law of mass action to metal activation of enzymes 
as follows: 


K 
Enzyme + metal =—_— enzyme-metal complex (1) 
[E] [M] [EM] 


where K,, the formation constant of the complex, is expressed by [EM]/- 
[E][M]. Intermediate rates of the enzymatic reaction are proportional 
to the amount of the precursor activated, and it follows that the maximal 
rate is determined by the amount of enzyme precursor. 

The mass action law (Equation 1) can be applied to the purified prepa- 
ration of DFPase after the addition of Cot* or Mn++ despite its activity 
without addition of metals. Schematic curves in Fig. 1 illustrate the 
effect of metal activation on the rate of hydrolysis. At maximal activity 
all of the enzyme is present as the complex (HM) and at the minimal 
activity (#) no complex is present. Intermediate rates due to the metal- 
activated enzyme (em) can be expressed by the equation, 


_ EM(em+e)—- E 
- (EM — E) 


837 


(2) 
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The terms of E, EM, and (em + e) are experimentally determined quan- 
tities and K, can be calculated from Equations 1 and 2. 

Previous work (1) indicated that the two distinct stages involved in 
attaining maximal activity with DFPase are the reaction represented by 
Equation 1 and 

K» 
Metal-enzyme complex + cofactor === enzyme-metal-cofactor complex (3) 
[EM] [A] [EMA] 


where K, is expressed by [EM A]/[EM][A]. 


RATE 








t 
- LOG [METAL !0N] 





Fic. 1. Graphical representation of the theoretical activation of an enzyme by 
a metal ion, where H = the rate in the absence of metal, EM = the maximal rate of 
the metal-enzyme complex, and e and em represent contributions to the observed 
rate due to enzyme and metal-enzyme complex, respectively. 


Therefore, 


: [EMA] 
OKs = TeMtAl = 
The value of K, may be obtained by determining the effect of varying 
concentrations of cofactors on the activity of the metal-enzyme complex. 
The formation constant of the EMA complex is obtained from the product 
of K, and Ko. 

It has been found (1) that the rates of hydrolyses are quite different in 
the presence of Mnt* and Cot, respectively. If two metals M and N, 
combine with the same groups of an enzyme, E, to form active complexes, 
EM and EN, the observed rate in the presence of a mixture of the two 
metals will depend upon (a) the relative values of the formation constants 
of the metal-enzyme complexes and (b) the rate constants for the activity 
of these complexes (4). 
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If the above assumptions are correct, the equilibria will pe 


[EM] 
Ku = (g — EM — EN|{a - 


and 


eeeee: ... See 
Ky = (g — EM — ENN] = 
where Ky and Ky are the formation constants of the two complexes. If 
the rate of hydrolysis (v) is proportional to the amount of respective com- 


plexes, 
v = k{EM] + k’|EN] (7) 


where k and k’ are rate constants. By eliminating [EM] and [EN] from 
these equations, 


__ &X Ku(MI[E] + h’Ky[NIE] 


Ky{M] + Ky{N] +1 @ 


If M and N are greater than the saturation concentrations and K y and 
Ky are large compared to [M] and [N], it follows that 


oe K X KylE] + K’KylE} (9) 


(M=N-— max.) Ky + Ky 
or 


_ Kyu X Vu + Ky X Vy 


V 
Ky + Ky 


(10) 


where Vy, Vy, and V are the maximal velocities in the presence of M, N, 
and a mixture of M and N, respectively. It follows that 


Bu _V— Vs an 
Ky Vu—V 
or, when the two metals are Mn++ and Cot, 
log Kco — log Kun = log (V — Van) — log (Veo — V) (12) 


The formation constants can thus be compared. The equations indicate 
that a non-catalytic metal of considerable affinity for the enzyme will be 
an effective inhibitor. 


Results 


The enzyme preparations and analytical procedures used have been 
described previously (1). 
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Enzyme-Metal Complex Formation Constants—Manganous chloride or 
cobaltous sulfate of varying concentration was incubated for 20 minutes 
with the enzyme before adding dialkyl fluorophosphate (DFP) and the 
rates of hydrolyses were determined during a 15 minute period. Values 
for K, were obtained by substituting the experimentally determined rates 
in Equations 1 and 2. Values of log K, for Cot varied between 4.1 and 
4.4, with a mean of 4.35; log K, for Mn++ was between 3.7 or 3.9, with a 
mean of 3.8. The calculated curves for these mean values are shown in 
Fig. 2 and are in excellent agreement with the experimental data. 
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Fia. 2 


Fria. 2. Activation of DFPase by Mn++ and Cott, 
COs per mg. of N per 30 minutes. 


Fia. 3. Activation of DFPase by 2,2’-dipyridyl and histidine in the presence of 
Mn** (10-3 Mm). 


Enzyme-Metal-Cofactor Formation Constants—The DFPase preparation 
was incubated with Mn+ for 20 minutes to attain maximal formation of 
- the metal-enzyme complex and was then incubated with varying concen- 
trations of histidine or 2,2’-dipyridyl. After mixing with DFP, the rate 
of hydrolysis was determined (Fig. 3) and the value of Ky was obtained 
from these data (Equation 4). The formation constants (log K; * K») 
for enzyme-Mn*+-cofactor complexes of histidine and 2,2’-dipyridyl are 
7.7 and 8.4, respectively. 

Effect of Mixtures of Cot* and Mn+ on DFPase Activity—Rates of 
hydrolyses of DFP in the presence of Mn+ and Co* and a mixture of 
these ions are given in Table I. It can be seen that the activity of a mix- 
ture of these two ions is closer to that of Cot+ than of Mn++. If these rates 
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are substituted in Equation 12, the values for log Ko, — log Ky, are 0.55 
and 0.72 in two experiments, which are in reasonable agreement with the 
value of 0.55 obtained from the calculated enzyme-metal formation con- 


TABLE I 
Effect of Mn*+ and Cot* on DF Pase Activity 
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Fic. 4. Inhibitory effects of heavy metal salts (6 X 10-5 mM) on DFPase activated 
by Mn** (10-3 m). 


Fic. 5. Inhibitory effects of heavy metal salts (5 X 10-5 mM) on DFPase activated 
by Cot* (10-3 om). 


stants (Fig. 2). This supports the validity of the theory that Mn*++ and 
Cot react with DFPase to form a metal complex. 

Metal Inhibi'ion of DF Pase—Mazur (5) reported that DFPase was in- 
hibited by low concentrations of Cutt and Hgt+. This observation has 
been confirmed, and a number of other heavy metals were found to be 
inhibitors (1). The inhibition may result from a replacement of Cot+ 
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or Mnt*. Martell and Calvin (3) have collected data for the formation 
constants of metal complexes with amino acids, peptides, and other com- 
pounds. These constants are usually in the order, Hgt++ > Zn*+* > Cut* > 
Nit > Cot* > Fe > Mnt. 

A histidine-Mn*+*-enzyme mixture which was incubated for 20 minutes 
was added to a DFP solution and the initial rate of hydrolysis determined 
during the first 5 minutes. At this time, metal salts (5 xX 10-5 Mm) were 
added to the reaction mixture and their effect on the rate of hydrolysis 
was observed (Fig. 4). Similar experiments were carried out with a 
histidine-Cot*-enzyme mixture (Fig. 5). It can be seen that the degree 
of inhibition obtained with the Mn**+ complex is in the order Hgt+ > 
Zn*+ > Cut* > Nit > Fet+. These results are in agreement with those 
expected when a metal with a greater affinity for the enzyme complex is 
capable of replacing Mn**. Similar results are found with Co**, except 
that Nit* and Fe** have a negligible effect. 

Inhibition of DF Pase by Metal-Chelating Agents—It has been found that 
metal-chelating agents could act as inhibitors of DFPase (1) by reacting 
with Mn* or Cot’. A preliminary inhibition of Mn** with a chelating 
agent forming a manganese complex should decrease the activating effect 
of this metal; on the other hand, the same chelating agent has less effect 
on the enzyme if Mnt* is first incubated with the enzyme to form the 
metal-enzyme complex. 

The following mixtures were studied, after a preliminary 20 minute 
incubation period before addition of DFP, in order to determine the effect 
of various chelating agents on DFPase complexes: (a) enzyme and his- 
tidine, (b) enzyme, Mn*, and histidine, (c) enzyme, histidine, and chelat- 
ing agent, (d) enzyme, Mn*-, histidine, and chelating agent. Two ad- 
ditional experiments were conducted as follows: (e) after a 20 minute 
preliminary incubation of Mn**, histidine, and chelating agent, the enzyme 
was added and this mixture incubated for various lengths of time before 
mixing with DFP; and (f) Mn** plus chelating agent and enzyme plus 
histidine were incubated separately for 20 minutes before mixing; this 
mixture was incubated for various lengths of time before adding DFP. 

The time-course of hydrolysis of these various systems was determined. 
Typical results are shown for disodium ethylenediaminetetraacetic acid 
(Sequestrene) and for sodium malonate in Fig. 6. Additional data for 
oxalate, malonate, Sequestrene, 8-hydroxyquinoline, catechol, proline, 
o-phenylenediamine, and 2,5-hexanedione are presented in Table IT. 

Sequestrene, which forms very stable metal complexes, is capable of 
preventing the activation of DFPase by Mn+ provided the enzyme and 
histidine are not present at the time of incubation ((e) and (f)). In the 
presence of the enzyme and histidine, Sequestrene reacts only with a 
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portion of available Mn**, as shown in experiment (d). This illustrates 
the marked stability of the enzyme-Mn?*+-histidine complex. Different 
periods of incubation with Sequestrene have no effect on the extent of 
enzyme inhibition (Table II). 

On the other hand, malonate, which forms less stable metal complexes, 
does not completely inhibit Mn++ activation of DFPase. This is illus- 
trated in experiments (d), (e), and (f), in which it is seen that the DFPase 
is capable of competing with malonate for available Mn**. The data in 
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Fic. 6. Inhibition of DFPase by sequestrene and sodium malonate under a variety 
of conditions. See the text for the details concerning mixtures (a) to (f). In the 
case of (e) and (f) the incubation period was 20 minutes. 


Table II suggest that manganese malonate may serve as a source of metal 
for the enzyme, provided there is sufficient time of incubation for equilib- 
rium to be attained. 

The data in Table II show that Sequestrene and 8-hydroxyquinoline 
form stable complexes with Mn+, while oxalate, malonate, catechol, pro- 
line, o-phenylenediamine, and 2 ,5-hexanedione are less reactive. 

The relationship between the formation constants of enzyme and chelat- 
ing agent complexes is presented in Table II. It can be seen that, when 
the value for the enzyme formation constant (log KiK2 = 7.7) is greater 
than that of the reagent complex (oxalate, malonate, and proline), the 
enzyme is capable of effectively competing for Mn+. In the case of 8-hy- 
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droxyquinoline and Sequestrene the relationship between the formation 
constants is reversed and there appears to be no activation of the enzyme 
by the Mn*+-chelate complex. These conclusions are confirmed by the 
data of Fig. 7. The effects of Mn++ and manganese complexes of oxalate, 
malonate, 8-hydroxyquinoline, and Sequestrene on the rate of hydrolysis 
of DFP in the presence of histidine were compared after different periods 
of incubation. It is obvious that some Mn++ becomes available from the 
oxalate and malonate complexes, but is not available from 8-hydroxy- 
quinoline or Sequestrene complexes. 
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Fig. 7. Effect of incubating DFPase with Mn** and Mn** complexes. 
Fia. 8. Effect of Mn** (10-3 m) on DF Pase activity in the presence of Mnt*-Se- 
questrene (10-3 m) or Mn*+-oxine (1073 mM). 


It has been shown that the removal of Mn** by chelating compounds 
inhibits the enzyme action. It is important to determine whether the 
chelating agents or their complexes have specific inhibitory effects. Data 
presented in Fig. 8 show that the addition of excess Mn*+ to an enzyme 
system containing the Mn*t+-Sequestrene complex completely reactivates 
the enzyme; which proves that this chelate complex is not an inhibitor. 
It is apparent that the 8-hydroxyquinoline complex has an inhibitory 
effect, since the addition of excess Mn** does not reactivate the enzyme 
completely. 


DISCUSSION 


Experimental data have been presented which prove that the most 
active forms of dialkylfluorophosphatase are metalloproteins in combina- 
tion with histidine or 2,2’-dipyridyl. Despite the lack of precise meas- 
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urements of the formation constants for the enzyme complexes, calcula- 
tions based on the values of K, and K» have proved to be most sat isfactory, 
The postulated inhibitory effects of heavy metals and chelating agents 
have been demonstrated to be correct by experimental data. 


SUMMARY 

The relationship of the formation constants of metal-enzyme complexes 
has been expressed by the law of mass action. 

The formation constants have been calculated for complexes of dialkyl- 
fluorophosphatase with Mn++ or Cott, dialkylfluorophosphatase-Mn*+- 
histidine, and dialkylfluorophosphatase-Mn*++-dipyridyl. 

The experimentally determined ratio of the formation constants of 
the Mn** and Co** complexes of dialkylfluorophosphatase agrees with 
that obtained from an equation relating limiting rates of hydrolyses to 
formation constants of metal-enzyme complexes. 

A relationship between dialkylfluorophosphatase inhibition by heavy 
metals and formation constants of metal-amino acid complexes was demon- 
strated. 

The inhibitory effect of metal-chelating agents on dialkylfluorophos- 
phatase depended on the comparative stabilities of the enzyme and chelate 
complexes. 

The most active form of dialkylfluorophosphatase appears to be an 
enzyme-Mnt+-cofactor complex. 


The authors are indebted to Curtis 8. Floyd for his invaluable assistance. 
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THE MONONUCLEOTIDE CONTENT OF SOME 
DESOXYRIBONUCLEIC ACIDS 


By R. O. HURST, A. M. MARKO,* anp G. C. BUTLER 


(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, October 23, 1952) 


Previous methods (1-8) designed to measure the nucleotide composition 
of nucleic acids depend upon the determination of the amounts of nitrog- 
enous bases present. These are liberated by acid hydrolysis, separated 
by chromatographic procedures, and then estimated by spectrophotometry 
(1-7) or by the isotope dilution method (8). Many of these procedures 
are laborious and time-consuming, and they require extensive precautions 
to avoid destruction or incomplete liberation of the purines and pyrimi- 
dines. In the first publication on this subject Vischer and Chargaff (3) 
reported rather low recoveries, but by perfection of their technique Chargaff 
et al. have now been able to account for 96 per cent of the phosphorus of the 
nucleic acid taken for analysis (9). Although Wyatt (6) recovered 95 per 
cent of the nucleic acid nitrogen in his analytical fractions, he consistently 
failed to account for 10 per cent of the phosphorus. The isotope dilution 
method (8), which solves the problem of destruction, but not that of in- 
complete liberation, of the bases during hydrolysis, has been applied only 
to purine analysis. These facts led us to feel that there might be a place 
for yet another analytical procedure. 

The methods for the enzymatic conversion of desoxyribonucleates to 
mononucleotides (10, 11) gave such good yields in our laboratory that we 
were encouraged to apply them to nucleotide analyses. Before this could 
be done, it was necessary to show that each of the four fractions obtained 
by chromatographing the enzymatic hydrolysates contained a mononucle- 
otide. It also seemed necessary to obtain additional evidence for 
the identity of the mononucleotide in each fraction. It may be recalled 
that in a previous report (11) the results of Feulgen tests, ultraviolet ab- 
sorption measurements, and nitrogen and phosphorus analyses permitted 
the tentative conclusion that the mononucleotides were eluted in the order 
desoxycytidylic, desoxyadenylic, thymidylic, and desoxyguanylic acids. 
This was the order of elution also reported by Volkin, Khym, and Cohn 
(12). 

After this report was submitted for publication, Sinsheimer and Koerner 
(13) recorded a measurement of the nucleotide composition of calf thymus 
desoxyribonucleate, using snake venom diesterase as a hydrolytic agent. 


* Medical Research Fellow of the National Research Council of Canada. 
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Materials and Methods 
Desoxyribomononucleotides 


Magnesium oligonucleotide (2.5 gm.) was hydrolyzed with phospho- 
diesterase and the resulting digest chromatographed on 200 gm. of Dowex 
1 anion exchange resin in the acetate form (11). 

Fraction I (nucleotide in 675 ml. of 0.5 mM acetic acid) was distilled to 
dryness in vacuo with a bath temperature of 40°. The residue was dis- 
solved in 10 ml. of warm water, 10 ml. of ethanol added, and the solution 
was stored overnight at 5°. The crystals that appeared in the form of 
irregular triangular plates were collected on a Biichner funnel and washed 
with cold 50 per cent ethanol. After drying, they weighed 0.3 gm. and 
melted at 176-177°. The melting point of desoxycytidylic acid is given 
as 183-187° by Klein and Thannhauser (14) and 185-187° by Volkin et al. 
(12). Our material had 13.4 per cent N and 9.9 per cent P; calculated for 
CyH,,07;N;P, N 13.7; P 10.1 per cent. 

Fraction II (nucleotide in 2.5 liters of 0.5 m acetic acid, 0.03 m sodium 
acetate) was distilled to dryness in vacuo (bath temperature 40°). The 
residue was dissolved in 28 ml. of water and 43 ml. of saturated barium hy- 
droxide solution were added (sufficient to make the solution alkaline to 
phenolphthalein). After the addition and solution of 385 mg. of barium 
hydroxide (octahydrate), the solution was poured into 150 ml. of ethanol 
and the mixture was stored overnight at 5°. The copious precipitate of 
barium salt was centrifuged and washed successively with 70 and 95 per 
cent ethanol and dried. The dry barium salt was then ground to a powder 
and suspended in 10 ml. of water. The mixture was brought to pH 3.2 
(reference to Fig. 1 shows that this pH gives the free nucleotide) by the 
addition of 1.8 ml. of 2 N sulfuric acid. Barium sulfate was centrifuged 
from the mixture and the supernatant solution decanted as quickly as 
possible before the nucleotide crystallized. The resulting clear solution 
was stored overnight at 5°, when fine needle-like crystals separated. These 
were collected by filtration, washed with cold water, and dried. Weight, 
0.3 gm.; m.p. 146-147°. Volkin et al. (12) give 142.5° as the melting point 
of desoxyadenylic acid. Our material had 20.3 per cent N and 9.0 per 
cent P; calculated for CjoHyOsNsP, N 23.2; P 10.3 per cent. 

Fraction III (nucleotide in 1.5 liters of 0.5 m acetic acid, M/15 sodium 
acetate) was distilled to dryness as usual and the residue was dissolved in 
31 ml.; of water. This solution was passed through a column of cation ex- 
change resin (Nalcite HCR in the H form) sufficiently large to remove all 
the sodium and reduced. to a volume of 10 ml. by vacuum distillation at 
40°. The remaining solvent was removed by storing the solution in a small 
beaker in a vacuum desiccator over calcium chloride and sodium hydroxide. 
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The residue was a light yellow gum weighing 0.28 gm., freely soluble in 
water and alcohol. All attempts to crystallize such residues have so far 
failed. 

The nucleotide was converted to the magnesium salt in the following 
way. The gum was dissolved in 10 ml. of ethanol and treated with a satu- 
rated solution of magnesium acetate (tetrahydrate) in ethanol until no 
more precipitate formed. The gelatinous precipitate was collected by cen- 
trifuging and washed three times with ethanol by stirring, centrifuging, 
and decanting. To the residue in the centrifuge tube were added 57 mg. 
of magnesium oxide and 1 ml. of water. After thorough mixing, the in- 
soluble material was removed by centrifuging and the supernatant liquid 
decanted. The residue was extracted twice more with 1 ml. portions of 
water each time. To the combined supernatant solutions 30 ml. of n- 
butanol were added with mixing and the resulting gummy precipitate was 
collected by centrifuging. This residue, on treatment with methanol and 
scratching, crystallized; it was collected, by centrifuging, as a white powder. 
After washing with methanol and drying, it weighed 0.27 gm. This mag- 
nesium salt was very soluble in water and was purified by dissolving in 2 
ml. of water and precipitating with 4 ml. of methanol. It had 6.1 per cent 
N and 7.5 per cent P; calculated for CjoH,;;0sN2PMg, N 8.1; P 9.0 per cent. 

Fraction IV (nucleotide in 1.2 liters of 0.5 m sodium acetate) was con- 
centrated to 50 ml. and chilled, when a large amount of sodium acetate 
separated. The sodium acetate was collected on a Biichner funnel and 
washed with a little cold water. The filtrate was concentrated to 25 ml. 
and chilled and a further crop of sodium acetate removed in the same 
way. 10 per cent of the nucleotide (based on the extinction at 2600 A) 
was lost in these manipulations. To the nucleotide solution were added 
200 ml. of saturated barium hydroxide (which made it alkaline to phenol- 
phthalein), 0.75 gm. of barium hydroxide octahydrate, and 700 ml. of 
ethanol. After storage at 5° for 20 hours the precipitated barium salts 
were collected by centrifuging and washed twice with 70 per cent ethanol 
by stirring, centrifuging, and decanting. The barium salt was then dis- 
solved in 20 ml. of water and 3 gm. of barium hydroxide (octahydrate) 
were added. After the barium hydroxide had dissolved, the solution was 
treated with 75 ml. of ethanol and the precipitated barium salts isolated 
as before. After drying, they weighed 1.5 gm. The barium salts were 
suspended in 10 ml. of water and the pH of the suspension brought to 2 by 
the cautious addition of 2 N sulfuric acid. The barium sulfate was removed 
by centrifuging and washed twice with 5 ml. portions of water. The com- 
bined supernatant solutions and washings were treated with 60 ml. of ace- 
tone and stored at 5° for 24 hours. The flocculent precipitate was collected 
by centrifuging and washed with 75 and 100 per cent acetone. After dry- 
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ing, it weighed 0.2 gm. On heating this material in a capillary tube, it was 
impossible to observe that it had a definite melting point, but when viewed 
through a lens on a heated stage it was seen to melt at 180—-182°. It had 
18.10 per cent N and 7.90 per cent P; calculated for CyoHi,O;NsP, N 20.1; 
P 8.9 per cent. 
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EQUIVALENTS OF ALKALI PER ATOM P 


Fic. 1. Results of electrometric titration of materials isolated from the hydrol- 
ysate of thymus desoxyribonucleate. The numbers I to IV designate the order of 
elution on chromatographic separation. 


Electrometric Titrations 


About 100 mg. of each of the mononucleotides in the form of the free 
acid were titrated with CO.-free 1 N potassium hydroxide and a similar 
amount of each was titrated with 1 N hydrochloric acid. The technique 
used was the same as that described previously for the titration of oligo- 
nucleotides (10). The results are illustrated in Fig. 1, in which the equiva- 
lents of base added, corrected for the equivalents of free hydrogen or hy- 
droxyl ion, are plotted against pH. The points were determined 
experimentally. The lines represent dissociation curves for the various 
groups calculated from the pK,’ values recorded in Table I. All the results 
of the titrations support the conclusions that each fraction contains a mono- 
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nucleotide and that Fraction I contains desoxycytidylic acid, Fraction II 
desoxyadenylic acid, Fraction III thymidylic acid, and Fraction IV des- 
oxyguanylic acid. These conclusions are further strengthened by the re- 
sults of the nitrogen and phosphorus analyses of the materials isolated from 
the fractions. 

The titration curves have proved very helpful in isolating the free mono- 
nucleotides. Inspection of the curves indicates at what pH the mono- 
nucleotides will be present in solution in the free form; 7.e., forming no salt 
with an external anion or cation. For desoxycytidylic the pH is 3.2; for 
desoxyadenylic, 3.2; for thymidylic, 1.9;! and for desoxyguanylic, 2.0. 


TaBLeE I 


pKa’ Values Found on Electrometric Titration of Mononucleotide Fractions from 
Hydrolyzed Thymonucleate 








pKa’ 
Fraction No. ; 
Re Amino vet Enolic hydroxyl 
I | 4.6 | 6.6 
II 4.4* 6.4 
III 1.67 6.5 10.0 
IV 2.9 6.4 9.7 





* This value could not be estimated accurately because the desoxyadenylate was 
not completely soluble below pH 5.5. 

+ An approximate value. This group was not titrated throughout its whole dis- 
sociation range. 





Analytical Procedure 


All the samples of sodium desoxyribonucleate analyzed, with the exception 
of Sample WNA-IT, were those prepared and described by Marko and 
Butler (15). Sample WNA-II was prepared by the same method and had 
the following properties: N:P, 1.77; np (P), 25.2; e(P) at 2600 A, in water 
7930, in 0.01 m phosphate buffer at pH 7.49, 6550; ribonucleic acid, 0.8 per 
cent (15). Desoxyribonuclease was prepared by the method of McCarty 
(16), the lyophilized residue being stored at 5°. Phosphodiesterase was 
prepared from Russell’s viper venom by the method of Hurst and Butler 
(17), and phosphorus was determined by King’s method (18). 

Hydrolysis of Desoxyribonucleate—In most of the experiments 30 mg. of 
sodium desoxyribonucleate were dissolved in 5 ml. of water and heated in a 
boiling water bath for 10 minutes. The heating of the nucleate solution 


1 This is only an approximate value for a 1 per cent solution. It is probably 
markedly dependent on concentration. 
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was necessary, because a phosphomonoesterase was often present as an 
impurity in the nucleate; in the case of calf liver desoxyribonucleate as 
much as 14 per cent of inorganic phosphate was liberated after treatment 
with desoxyribonuclease and phosphodiesterase if the substrate was not 
heated. This heating was found not to influence the results; in the anal- 
yses of Sample ENA-I (see Table IT) which contained no phosphomono- 
esterase, one result was obtained with heating and the other without. 

After cooling, the nucleate solution was made 0.025 mM with magnesium 
sulfate (19), a 0.5 per cent aqueous solution of desoxyribonuclease was 
added in the proportion of 0.02 mg. of enzyme per mg. of nucleate, and 
the digest was placed in a water bath at 37°. After 1 hour 1 to 2 ml. 
(enough to complete the hydrolysis in 1 to 2 hours) of phosphodiesterase 
solution, containing 0.01 per cent of merthiolate, was added. The pH of 
the solution was measured continuously with a glass electrode assembly and 
maintained between 8.3 and 8.5 by the addition of 0.1 N sodium hydroxide 
solution. The end of the reaction was indicated when the pH remained 
constant without the addition of alkali. The digest was brought to pH 
4.0 by the addition of 2 N acetic acid and transferred to a volumetric flask. 
Samples were withdrawn for the estimation of total, “uranium-soluble” 
(11), and inorganic phosphate. 

Chromatography—A column (15 cm. X 0.3 sq. cm.) of Dowex | anion 
resin (250 to 500 mesh) was prepared in the acetate form, as described by 
Hurst, Little, and Butler (11), with the exception that sodium hydroxide 
was employed instead of ammonium hydroxide. About 2 gm. of resin were 
required and the column was washed with 100 ml. of 2 N acetic acid and 
50 ml. of water immediately before use. The digest was transferred quan- 
titatively to the column and washed through thoroughly with water. The 
mononucleotides, desoxycytidylic, desoxyadenylic, thymidylic, and des- 
oxyguanylic acids, were eluted separately from the column by using suc- 
cessively, 0.5 M acetic acid, 1 M acetic acid and 0.01 m sodium acetate, | m 
acetic acid and 0.1 m sodium acetate, and 1 M acetic acid and 0.5 m sodium 
acetate. The last fraction could also ke eluted satisfactorily with 0.5 m 
acetic acid and 0.1 m sodium chloride. In experiments in which 5-methyl- 
desoxycytidylic acid was eluted separately, it was necessary to used a col- 
umn 25 cm. long and to wash with 0.05 m acetic acid at the beginning. A 
slow rate of flow (0.25 ml. per minute) facilitated the separation of 5- 
methyldesoxycytidylic acid, although this modification tended to elute des- 
oxycytidylic and desoxyadenylic acids closer together. The flow rate for 
elution of the remaining fractions (1 ml. per minute) was maintained by 
application of air pressure. Fig. 2 shows the type of chromatogram ob- 
tained. The sharp elution curves illustrated here are essential for the suc- 
cess of the method. 
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The effluent solution was divided into 15 ml. samples by an automatic 
fraction collector and the optical density determined at the wave-length of 
maximal absorption for each mononucleotide with a Beckman spectropho- 
tometer. After locating the mononucleotide fractions by ultraviolet ab- 
sorption, each fraction was transferred quantitatively into a separate vol- 
umetric flask. Suitable samples were withdrawn and the nucleotide (total 
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VOLUME OF ELUATE (ML) 
Fic. 2. Chromatogram of mixture of mononucleotides obtained from wheat germ 
desoxyribonucleate by the action of desoxyribonuclease and phosphodiesterase. 


minus inorganic) phosphorus determined, the results being expressed as a 
per cent of the total phosphorus placed on the column (Table II). When 
duplicate analyses were made, each was carried out independently by one 
of two workers (R. O. H. and A. M. M.). 

The discovery, in the hydrolytic products of some desoxyribonucleates, 
of 5-methyleytosine by Hotchkiss (1) and Wyatt (6, 20, 21), and of 5-meth- 
yldesoxycytidylic acid by Cohn (22) made it necessary to estimate sepa- 
rately this nucleotide by our procedure. The results of two such estima- 
tions are presented in Table III. 
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Tasie IT 
Nucleotide Content of Desoxyribonucleic Acids from Different Sources 





' Nucleotide phosphorus as per cent of total phosphorus 





Sample ilies | Wibinik. Mesiie | aes. | Desay. 
phosphorus | esox lesOxy: ym. | esOxy 
cytidylic | adenylic dylic | guanylic Total 
acid* acid , acid | acid 
mg. | 
Calf thymus, TNA-V 16.25 21.4 | 26.0 | 27.0 | 22.6 | 97.0 
17.52 20.6 | 26.0 27.5 22.3 96.7 
3.48 21.1 26.0 27.0 22.0 96.1 
0.72 $1.1 26.4 | 26.4 22.6 | 97.5 
Calf liver, HNA-IA 1.84 20.7 | 26.2 | 26.7 | 21.8 | 96.4 
1.68 21.2 | 26.2 | 27.1 | 21.3 | 95.6 
Calf pancreas, PNA-I 1.78 21.1 26.9 | 27.6 20.8 96.4 
1.68 | 21.4 27.6 28.2 22.0 99.2 
Calf spleen, SNA-IT 1.56 21.4 26.9 27.6 21.2 97.1 
1.80 21.4 27.3 | 28.1 22.2 99.0 
Bull testes, ONA-I 1.80 21.4 25.9 | 26.7 22.0 | 96.0 
Chicken blood, ENA-I 1.87 21.1 | 27.8 | 28.3 21-0 98.9 
1.72 20.9 26.7 | 27.0 21.2 95.8 
Human spleen, SNA-III 1.06 19.7 28.2 28.4 20.3 96.6 











* If 5-methyldesoxycytidylic acid is present, these figures represent the total of 
desoxycytidylic acid and 5-methyldesoxycytidylie acid. 


TaBLeE III 
Results of Analyses for 5-Methyldesoxycytidylic Acid 























Nucleotide phosphorus as per cent of total phosphorus 
., . Total é 
ete phosphorus — Desoxy- | Desoxy- | Thymi- | Desoxy- 
tidelic cytidylic adenylic dylic guanylic | Total 
aa “e acid acid acid acid 
mg S ay | 
Calf thymus, TNA-| 6.46 1.1 | 20.9 | 27.3 | 29.0 | 21.3 | 99.6 
IIIB | 
Wheat germ, WNA-| 3.04 5.1 | 16.6 | 26.4 | 27.2 | 23.1 | 98.4 
II 3.32 5.3 | 16.6 | 27.1 | 28.6 | 23.0 | 100.6 





DISCUSSION 
Although the authors have had no personal experience with other meth- 
ods of nucleotide analysis, the procedure described above seems to them to 
have some advantages: (a) only one hydrolysis and one chromatographic 
separation are necessary; (b) no correction is necessary for destruction of 
bases during hydrolysis; (c) the analytical results are based on phosphorus 
analyses rather than on spectrophotometric measurements. On the other 
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hand, larger amounts of nucleate are required for study; it was felt that 
results obtained with less than 10 mg. of nucleate were unreliable. 

The effect of contaminating ribonucleate on the analytical results is not 
known with certainty. This problem does not, however, affect the valid- 
ity of the results presented here, since no sample of desoxyribonucleate 
contained more than 2.5 per cent of ribonucleate and most of them con- 
tained less than 1 per cent. 

If 5-methyldesoxycytidylic acid is present in all of the specimens of des- 
oxyribonucleate listed in Table IT, as seems probable from Wyatt’s studies 
(6), then the percentages of ‘“‘desoxycytidylic acid” recorded in Table II 
represent the total of desoxycytidylic and 5-methyldesoxycytidylic acids. 
If these two components are taken together, as other workers have done 
(4, 5, 7, 9), it can be seen from Tables IT and III that there are no striking 
differences in the nucleotide composition of the nucleates examined. There 
may be small differences between species, but insufficient analyses were 
made with human, chicken, and wheat nucleates to be certain of this. It 
may also be seen that the analytical results are very similar to those al- 
ready reported (3-9). 

One incidental finding made in the course of this work seems to merit 
further mention. ‘This is the observation that some samples of desoxy- 
ribonucleate, especially those from liver, contained appreciable amounts of 
phosphomonoesterase activity. It was not found possible to remove all 
this enzyme by the usual deproteinization techniques, such as treatment 
with sodium dodecyl sulfate and shaking with chloroform and octyl alcohol. 
Heating the nucleate solutions was therefore resorted to as already de- 
scribed. This difficulty of removing traces of enzyme from samples of 
desoxyribonucleate might be of some concern to those working with bio- 
logically active desoxyribonucleates, such as the bacterial transforming 
principles. 


SUMMARY 


Methods for the isolation and estimation of the mononucleotides of 
desoxyribonucleates have been developed by enzymatic hydrolysis and 
chromatography. 


This work was assisted by grants from the Kate E. Taylor fund of the 
Banting Research Foundation and from the National Research Council of 
Canada. Mr. I. G. Walker kindly analyzed the magnesium thymidylate. 
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In a previous communication from this laboratory (1), the treatment 
of high potency oxytocin preparations with performic acid was shown to 
yield a product which, upon acid hydrolysis, gave cysteic acid in place of 
the cystine resulting from the hydrolysis of the original oxytocin prepara- 
tion. The other seven amino acids found in oxytocin hydrolysates (2, 3) 
were present along with the cysteic acid in the hydrolysate of the per- 
formic acid-oxidized oxytocin. Numerous attempts were made in this 
earlier work to separate the performic acid-oxidized oxytocin into more 
than one component by counter-current distribution between sec-butyl 
alcohol and dilute acetic acid, and by paper chromatography with a num- 
ber of solvent systems, including phenol and butyl alcohol (normal, sec- 
ondary, or tertiary)-acetic acid mixtures. These experiments gave no 
indication of the presence of more than one component in the performic 
acid-oxidized oxytocin. 

In the present work, oxidation with bromine water was explored under 
conditions such that oxidation of the disulfide to a sulfonic acid and bromi- 
nation of the tyrosine residue might be expected. Preliminary experi- 
ments in which oxytocin preparations were treated with bromine water 
in 0.1 N hydrochloric acid soiution at room temperature indicated the 
presence of at least two components in the product of this treatment. 
After counter-current distribution of the bromine water-treated oxytocin 
between sec-butyl alcohol and 0.05 per cent acetic acid and an additional 
purification of the component possessing the higher partition coefficient 
by paper chrornatography with phenol, one of the fragments appeared to 
be made up of dibromotyrosine and cysteic acid and the other to consist of 
cysteic acid and the other six amino acids found in performic acid-oxidized 
oxytocin, tyrosine being absent. The evidence for the presence of these 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided greatly 
in this investigation, and to thank Eli Lilly and Company for making available 
some of the posterior pituitary powder, U.S. P., used as starting material for the 
oxytocin preparations in this investigation. 
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amino acid residues in the two fragments was obtained by chromatography 
of their hydrolysates on paper with phenol. These results, although the 
yields were low, indicated that two components existed in bromine water- 
treated oxytocin. 

We then investigated the treatment of performic acid-oxidized oxytocin 
preparations with bromine water in order to determine whether two frag- 
ments would result. In this case the reaction was carried out at — 10° to 
—5° in aqueous methanol. Here also evidence was obtained for the 
presence of two fragments and the yields were such as to permit clear cut 
identification of the constituent amino acids of both fragments by chroma- 
tography on starch columns according to the method of Moore and Stein 
(4) and on paper. The two fragments from the treatment of performic 
acid-oxidized oxytocin with bromine water were found to contain the same 
amino acid residues as the two fragments from the treatment of oxytocin 
with bromine water. The experiments with the performic acid-oxidized 
oxytocin are reported herein. 


EXPERIMENTAL 


The performic acid-oxidized oxytocin preparation used as starting ma- 
terial was prepared and purified by counter-current distribution according 
to the procedures described previously (1). 3 mg. of this material were 
dissolved in a mixture of 2 ml. of water and 0.5 ml. of methanol and the 
solution was cooled to —10°. Then 0.3 ml. of bromine water (approxi- 
mately 3.5 per cent bromine) was added dropwise and the mixture was 
allowed to stand for 1 hour at —10° to —5°. The mixture was evaporated 
at reduced pressure for a few minutes, 3 ml. of water were added, and the 
solution was lyophilized. The residue was dissolved in 1 ml. of water 
and the pH of the solution was adjusted to 6 to 7 by addition of the re- 
quired amount of 0.12 nN sodium hydroxide. After evaporation of the 
mixture to dryness, the residue was dissolved in 0.3 ml. of water and the 
solution was placed on four strips of Whatman No. 4 paper. The chro- 
matograms were developed with phenol by the ascending method for 22 
hours. One chromatogram was treated with ninhydrin and two spots were 
obtained, a slow moving one (Rr = 0.25 to 0.35) and a fast moving one 
(Ry = 0.8 to 0.9). The areas corresponding to these Rr values were then 
cut out of the other three chromatograms. Material was eluted from 
each of the two areas with water and the eluates from each area were 
lyophilized. The samples were then hydrolyzed for determination of 
their amino acid content by the starch column method (4, 2). 

The component with the Ry value of 0.8 to 0.9 gave peaks at the leucine- 
isoleucine, proline, glutamic acid, cysteic acid, aspartic acid, glycine, and 
ammonia positions. The slow moving fragment (Rr = 0.25 to 0.35) 
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gave a peak at approximately effluent ml. 13 and another at the position 
of cysteic acid. Chromatography on the starch column of an authentic 
sample of 3,5-dibromotyrosine, prepared by the method of Zeynek (5), 
showed a peak at approximately effluent ml. 13. The molar ratios be- 
tween the amino acid constituents of the small and large fragments are 
given in Table I. To establish the identity of the individual amino acids 
in the fragments, further work was done with paper chromatography. 
When the hydrolysate of the small fragment was submitted to chroma- 
tography on Whatman No. 4 paper with phenol, spots appeared for two 
amino acids, one with the Rr value of cysteic acid and the other with the 


TABLE [ 


Molar Ratios between Amino Acids in Hydrolysates of Products from Treatment of 
Performic Acid-Oxidized Oxytocin with Bromine Water* 














Constituent Small fragment Large fragment 

Dibromotyrosine................ 0.91 

BUGIE rat cote carat eens ete 1.00 
WO ouGsH e073, SI ee ee, 1.00 
COLIN GH: Abit sue i i eee a 1.04 
RIGREIIG SOO! ac. eanse eee S 1.10 
MUDARUG OS nno4) tact eee. 0.89 
CV GIG oes A ui occa at toe oe 1.03 
OVHECIG AGI: sen cue aeons 1.00 0.87 





* The solvent system used for chromatograms was 1:2:1 n-butyl alcohol-n-propyl 
alcohol-0.1 n HCl, followed by 2:1 n-propyl alcohol-0.5 n HCl (4). Leucine and 
isoleucine in the large fragment and cysteic acid in the small fragment were ar- 
bitrarily chosen as 1. 


Ry value of 3,5-dibromotyrosine (approximately 0.6). Chromatography 
of the hydrolysate of the large fragment on paper with phenol confirmed 
the presence of the seven amino acids determined by starch chromato- 
graphy. 


The authors wish to acknowledge the assistance of Mrs. Jacqueline 
Everett Parton in connection with the chromatography on starch. 


SUMMARY 


Treatment of either oxytocin or performic acid-oxidized oxytocin prepa- 
rations with bromine water has been found to result in two fragments. 
One of these fragments gives, upon hydrolysis, 3 ,5-dibromotyrosine and 
cysteic acid, while the other gives cysteic acid along with leucine, isoleucine, 
proline, glutamic acid, aspartic acid, glycine, and ammonia. 
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FREE AMINO GROUPS OF PERFORMIC ACID-OXIDIZED OXY- 
TOCIN AND OF ITS CLEAVAGE PRODUCTS FORMED 
BY TREATMENT WITH BROMINE WATER* 


By CHARLOTTE RESSLER, STUART TRIPPETT, anp 
VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, March 18, 1953) 


Previous communications from this laboratory have reported the oxi- 
dation of oxytocin preparations with performic acid (1) and the treat- 
ment of oxytocin and performic acid-oxidized oxytocin preparations with 
bromine water (2). The treatment with performic acid resulted in a 
product which could not be separated into more than one component, but 
after the treatment with bromine water two fragments were obtained upon 
paper chromatography with phenol. Upon hydrolysis, one fragment 
yielded dibromotyrosine and cysteic acid, while the other yielded cysteic 
acid along with leucine, isoleucine, proline, glutamic acid, aspartic acid, 
glycine, and ammonia (2). 

The fact that two fragments could be separated after treatment of 
performic acid-oxidized oxytocin with bromine water might be accounted 
for either by the presence of two fragments in the performic acid-oxidized 
oxytocin which could not be separated by the means employed or by the 
splitting of the performic acid-oxidized oxytocin entity into two parts in 
the course of the treatment with bromine water. 

To gain light on the former possibility, a mixture of bistyrosyleystine 
(3) and oxytocin was oxidized with performic acid to give tyrosylcysteic 
acid and performic acid-oxidized oxytocin. The products could readily 
be separated from one another by paper chromatography with phenol. 
It would therefore appear unlikely that the product resulting from per- 
formic acid oxidation of oxytocin contained the free dipeptide, tyrosyl- 
cysteic acid. Since the Rr values of tyrosylcysteic acid and 8-sulfoalanyl- 
tyrosine in phenol (4) are the same, within experimental error, it may be 
concluded that neither of these two dipeptides is present in performic acid- 
oxidized oxytocin. 

In a further investigation of the two fragments formed on treatment 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided greatly 
in this investigation, and to thank the Armour Laboratories and Parke, Davis and 
Company, who have generously made gifts of posterior pituitary material used as 
starting material for the oxytocin preparations. 
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of performic acid-oxidized oxytocin with bromine water, the product was 
subjected to counter-current distribution (5) between sec-butyl alcohol 
and 0.05 per cent acetic acid. The considerable difference between the 
partition coefficients of the two fragments in this system allowed a ready 
separation of the two materials. Analysis of the hydrolysate of the frag- 
ment with the lower partition coefficient for amino acids by the starch 
column method of Moore and Stein (6) showed it to contain the same 
seven amino acids found in the hydrolysate of the large fragment isolated 
by paper chromatography (2). The amino acids were found to be in 
equimolar ratio to each other, and the molar ratio of ammonia to any one 
of the amino acids was approximately 3:1. The material with the higher 
partition coefficient was fractionated further by paper chromatography 
with phenol and elution at Rr 0.25 to 0.35. Upon hydrolysis of this 
fragment, dibromotyrosine and cysteic acid were obtained in a molar ratio 
Mm 331. 

Oxidation of tyrosylcysteine with performic acid and treatment of the 
resulting product with bromine water gave a compound of dibromotyrosine 
and cysteic acid, which on paper chromatography with phenol possessed 
an R»y value approximately the same as that of the small fragment ob- 
tained after bromine water treatment of oxytocin and performic acid- 
oxidized oxytocin. However, owing to the closeness of the Ry values 
observed for synthetic dibromotyrosylcysteic acid and 6-sulfoalanyldibro- 
motyrosine (4), additional data were needed to determine which of these 
two dipeptides was the small fragment formed upon the treatment with 
bromine water. The small fragment was therefore treated with 2,4- 
dinitrofluorobenzene (DNFB) according to Sanger’s method of end-group 
analysis (7), and the hydrolysate of the dinitrophenyl (DNP) derivative 
was analyzed for amino acids on the starch column (6). This reaction was 
also applied to the large fragment and the synthetic brominated dipep- 
tides (4). The reaction of performic acid-oxidized oxytocin with DNFB 
was also investigated. 


EXPERIMENTAL! 


Separation of Products from Treatment of Performic Acid-Oxidized Oxy- 
tocin with Bromine Water—24.5 mg. of performic acid-oxidized oxytocin, 
purified by counter-current distribution between sec-butyl alcohol and 
0.05 per cent acetic acid, were employed as starting material. Performic 
acid-oxidized oxytocin has a partition coefficient (K) of approximately 
0.39 in this solvent system. Its amino acid composition is given in Table 
I, Column 1. A solution of the performic acid-oxidized oxytocin in aque- 
ous methanol was treated with an excess of bromine water for 40 minutes 


1 All the melting points reported herein are corrected, capillary melting points. 
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under the conditions described previously (2). The solution was evapo- 
rated to a small volume under reduced pressure and finally lyophilized. 
The residue was dissolved in 11 ml. of sec-butyl alcohol saturated with 


TaBLeE | 
Starch Column Analyses 





Molar ratios 





| DNP- | : DNP- 





Comsiliagune be’ oad yo Small ee large. 'DNP-small 'sulfoalanyl — 
| oxidized | sent?’ | fragment | oxidized frag. | fragment | dibromo- oon 
oxytocin | oxytocin’ ment* | tyrosine]] | “‘acidl 
(1) (2) | (3)*t |(4)4§ (5) (6) (7) tll (8) 38 (9) (10) 
Leucine**....... | 1.00 | 1.00 1.00 1.0044 | 
Isoleucine**.....; 1.00 | 1.00 | 1.00 | | 
DY TOSIHC 55:5: <9 | 0.93 | | | 
Proline............ 1.13 | 1.02 1.08 /1.07 | 
Glutamic acid...) 1.03 | 0.87) | | 1.00$$)0.95 | 
Aspartic ‘ ...| 1.00 | 0.92 1.04 (0.97 | 
Glycine..........| 1.08 | 0.97 1.06 |1.00: 
Ammonia........ 3.02 | 3-16 | 2.75 (2.92 El 
Cysteic acid.....| 1.98 | 1.09 1.00/1.00 1.05${0.92 0.180.19) 0.12 1.00 
Dibromoty- | | | | 
rosine.........| | 0.831102) | {0.05 
0-DNP-di- | | | | 
bromotyrosine. | | sass ant 1.00 | 0.04 
0-DNP-tyrosine. | 0.88 | | 




















*The solvent system was 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 n HCl, 
followed by 2:1 n-propyl alcohol-0.5 n HCl (6). 

+ Sample of small fragment isolated by paper chromatography with phenol as 
previously described (2). 

¢ Sample of small fragment isolated by counter-current distribution, followed by 
paper chromatography with phenol. 

§ The solvent system was 2:1:1 tert-butyl alcohol-sec-buty] alcohol-0.1 Nn HCl (6). 

|| The solvent system was 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 n HCl (6). 

** Leucine and isoleucine arbitrarily chosen as 1.00. 

tt Leucine identified by use of solvent system, 1:1:0.288 n-butyl alcohol-benzyl 
alcohol-water (6). 

tt In some instances the glutamic acid peak overlapped the peak for cysteic acid. 
In this case the value for cysteic acid was calculated on the basis of a molar ratio 
of 1:1 between glutamic acid and leucine. 


0.05 per cent acetic acid and the material in 10 ml. of this solution was 
distributed through 100 transfers at room temperature between sec-butyl 
alcohol and 0.05 per cent acetic acid. The distribution pattern was fol- 
lowed by the absorption at 275 my and by the color given by the quanti- 
tative ninhydrin reaction of Moore and Stein (8). 
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The contents of Tubes 20 through 33 (peak tube, K = 0.35) gave, on 
lyophilization, approximately 19 mg. of the large fragment. This material 
showed no absorption at 275 my. One-tenth of the product was hy- 
drolyzed and analyzed for amino acids by use of the starch column (6), 
The results are summarized in Table I, Column 2. The contents of Tubes 
51 through 65 (peak tube, K = 1.35) gave, on lyophilization, approxi- 
mately 10 mg. of material, which had an absorption maximum at 275 mu. 
Material isolated from this peak in a similar distribution was placed on 
several strips of Whatman No. 4 paper and chromatographed in 75 per 
cent phenol. Material in the area corresponding to an Rr value of 0.25 
to 0.35 was eluted and hydrolyzed. Amino acid analysis showed the 
presence of dibromotyrosine and cysteic acid in molar ratios to each other 
of 1:1 (Table I, Column 4). For comparison, the amino acid analysis of a 
sample of the small fragment, isolated directly by paper chromatography 
with phenol (2) without being subjected to counter-current distribution, 
is included (Table I, Column 3). 

Oxidation and Bromination of Tyrosylcysteine—500 mg. of tyrosyleys- 
teine (3) were dissolved in 14 ml. of 90 per cent formic acid (cooled to 
—15°), and 1.5 ml. of 30 per cent hydrogen peroxide were added. The 
solution was kept at 0° for 2 hours and then evaporated under reduced 
pressure. The product, obtained as a white powder by lyophilization 
from aqueous solution, showed an Rr value of 0.32 with phenol. One- 
fifth of this product in 5 ml. of water at 0° was treated with an excess of 
bromine water for one-half hour. The solution was then evaporated to 
give a dark product. On chromatography with phenol, one spot having 
an FR, value in the range of the value found for the small degradation frag- 
ment (0.25 to 0.35) was obtained, while upon hydrolysis dibromotyrosine 
and cysteic acid were formed. 

O-DN P-Dibromotyrosine—This compound was required as a reference 
substance for the analysis on the starch column of the product which re- 
sulted when the small degradation fragment was treated with DNFB and 
then hydrolyzed. The O-DNP-dibromotyrosine was prepared in the fol- 
lowing manner. 125 mg. of 3,5-dibromotyrosine, prepared according to 
the method of Zeynek (9), were dissolved in 0.19 ml. of 2 N NaOH and 0.11 
ml. of water, and allowed to react at room temperature for 45 minutes with 
0.09 ml. of acetic anhydride in the presence of 0.89 ml. of 2 nN NaOH. 
60 mg. of O, N-diacetyl-3 ,5-dibromotyrosine were obtained as white glis- 
tening plates upon recrystallization from aqueous methanol; m.p. 186.5- 
189°. 


CisHisNBr.0;. Calculated, N 3.31, Br 37.8; found, N 3.34, Br 37.8 


40 mg. of the O, N-diacetyl-3 ,5-dibromotyrosine were allowed to stand 
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at room temperature for 1.5 hours in 10 ml. of 1 Nn NaOH. Upon acidifi- 
cation with dilute HCl and recrystallization from aqueous methanol, the 
N-acetyl compound was obtained, m.p. 118-121°. This melting point 
agrees with that reported by DeWitt and Ingersoll (10) for N-acetyl-3 ,5- 
dibromotyrosine hemihydrate. 200 mg. of this material were treated 
with DNFB in aqueous NaHCO; in the usual manner. The solid which 
separated upon acidification of the reaction mixture was collected, dis- 
solved in 5 ml. of a 1:1 mixture of 12 N HCl and dioxane, and heated under 
a reflux for 2 hours. Concentration of the solution and adjustment of the 
pH to approximately 4 yielded a light colored precipitate which was col- 
lected and washed with ethanol. Two recrystallizations from aqueous 
dioxane yielded cream-colored prisms; m.p. 232-232.5° (with decomposi- 
tion). 


C,sHi,0;N;Brz. Calculated. C 35.7, H 2.20, N 8.32, Br 31.6 
Found. ‘© 35.9, “* 2.87, “* 8.13, ‘* 31.4 


0-DNP-dibromotyrosine was found to emerge at effluent ml. 5 when it 
was placed on the starch column (6) in the system 1:2:1 n-butyl alcohol- 
n-propy! alcohol-0.1 Nn HCl. 

Procedures for Preparation of DNP Derivatives—The reactions of DNFB 
with the performic acid-oxidized oxytocin, the large fragment, the small 
fragment, and the synthetic dipeptides, 8-sulfoalanyldibromotyrosine and 
dibromotyrosylcysteic acid (4), were performed in the following manner. 

A solution of 3 to 5 mg. of DNFB in 0.5 ml. of ethanol was added to 
1 to 1.5 um of the compound in 0.5 ml. of water containing 3 to 5 mg. of 
NaHCO;. ‘The solutions were allowed to stand at room temperature for 
4.5 hours in the case of the large fragment, and for 16 hours in the case of 
the other compounds. The solutions were then concentrated, 1 ml. of 
water was added, and excess DNFB was removed by extraction with ether. 
The aqueous layers were evaporated to dryness and the residues were 
hydrolyzed in 1 ml. of 6 Nn HCl in a sealed tube under nitrogen at 120° 
for 12 to 16 hours. In the hydrolysis of the DNP derivative of the small 
fragment, it was found that considerably less cysteic acid was obtained 
if the hydrolysis was carried out under similar conditions at 110° for 8 
hours. The hydrolysates were then evaporated to dryness and analyzed 
for amino acids by means of the starch column technique. In the case of 
the DNP derivative of the large fragment, the hydrolysate was extracted 
with ethyl acetate before being analyzed on the starch column. The 
amino acid analysis before and after treatment with DNFB, as shown in 
Table I, afforded quantitative data on the DNFB reactions. In these 
reactions, DNP-cysteic acid, where formed, was not extractable from the 
hydrolysates with ethyl acetate. It could be readily identified in the hy- 
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drolysates by paper chromatography in the solvent system 5:1:5 n-butyl 
alcohol-acetic acid-water, in which it had an Ry value of 0.28 to 0.38. 
This Rr value was in agreement with that of an authentic sample pre- 
pared by the oxidation of N ,N’-bis-DNP-cystine with performic acid. 


DISCUSSION 


The results of the reaction of DNFB with the performic acid-oxidized 
oxytocin, the synthetic brominated dipeptides, and the two fragments 
resulting from the treatment of performic acid-oxidized oxytocin with 
bromine water are summarized in Table I, Columns 5 to 10. It will be 
noted that, when the large fragment was allowed to react with DNFB, 
six of the amino acids remained unaffected and isoleucine disappeared 
(Table I, Column 6). On the other hand, the results of the treatment 
of performic acid-oxidized oxytocin with DNFB showed that the isoleucine 
residue in this molecule did not possess a free amino group, the only change 
in amino acid composition after treatment with DNFB being the replace- 
ment of tyrosine by O-DNP-tyrosine and the disappearance of 1 of the 2 
moles of cysteic acid (Table I, Column 5). It is thus apparent that, in 
the course of the cleavage of performic acid-oxidized oxytocin with bromine 
water, the amino group of the isoleucine moiety has been freed. 

Reaction of the small fragment with DNFB resulted in the virtual 
disappearance of cysteic acid and the conversion of dibromotyrosine to 
O-DNP-dibromotyrosine (Table I, Columns 7 and 8). The latter was 
identified in the hydrolysate of the DNFB reaction product by compari- 
son with an authentic sample of O-DNP-dibromotyrosine prepared from 
N-acetyldibromotyrosine. In accordance with these data, the small frag- 
ment is identified as the dipeptide -sulfoalanyldibromotyrosine. That 
an inversion of sequence had occurred during reaction of the small frag- 
ment with DNFB is considered unlikely. Moreover, the isomeric di- 
peptides B-sulfoalanyldibromotyrosine and dibromotyrosyleysteic acid (4) 
were found to undergo the expected reactions with DNFB (Table I, Col- 
umns 9 and 10), the behavior of the 8-sulfoalanyldibromotyrosine parallel- 
ing closely that of the small fragment. 

It will be noted from Table I (Column 5) that only 1 of the 2 moles of 
cysteic acid present in performic acid-oxidized oxytocin possesses a free 
amino group. Since no evidence was obtained for the presence of a free 
amino group on the mole of cysteic acid present in the large fragment 
resulting after bromination (Table I, Column 6), the small fragment would 
be expected, as was found, to account for the mole of cysteic acid bearing 
the free amino group in the performic acid-oxidized oxytocin. Thus 
B-sulfoalanyltyrosyl- is the sequence at the amino end of the performic 
acid-oxidized oxytocin molecule. 
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These data on the performic acid-oxidized oxytocin molecule make 
possible certain deductions with regard to the parent disulfide compound, 
oxytocin, if no rearrangement occurs during the oxidation with performic 
acid. The results of a previous study on the effect of DNFB on oxytocin 
should be recalled (11). It was noted that after treatment with DNFB 
the tyrosine and approximately half of the cystine originally present had 
disappeared and approximately half a mole of O-DNP-tyrosine was pres- 
ent in the hydrolysate. The other six amino acids remained unaffected 
and we therefore concluded that none of these six amino acids could bear a 
terminal amino group. Until further investigation of various aspects of 
the reaction could be made, we merely emphasized that cystine and ty- 
rosine had been affected and we refrained from any further conclusion 
concerning the free amino groups at that time. In this earlier work, the 
hydrolysate of the DNFB-treated oxytocin had been extracted with ethyl 
acetate before analysis for amino acids on the starch column. In further 
work in this laboratory, the acid hydrolysate of the DNFB-treated oxy- 
tocin has been analyzed without being extracted with ethyl acetate, and 
molar ratio values as high as 0.71 for O-DNP-tyrosine have been obtained. 
The small amounts of N-DNP-tyrosine and O,N-bis-DNP-tyrosine de- 
tected in the earlier work (11), as well as the small amounts of tyrosine 
unaccounted for in the more recent experiments, may be attributed to 
some fragmentation or to side reactions not yet elucidated. On the basis 
of these data, it would appear unlikely that the amino group of the tyrosine 
residue is free in oxytocin.2, The amino end-group results on performic 
acid-oxidized oxytocin also showed that the amino group of tyrosine is 
not free in this compound, and if no rearrangement occurs in the oxidation 
of oxytocin with performic acid, these results with the oxidized oxytocin 
would also indicate that the amino group of the tyrosine moiety in oxytocin 
is not free. 

Since the results of the reaction of DNFB with performic acid-oxidized 
oxytocin and its degradation fragments have demonstrated that in per- 
formic acid-oxidized oxytocin only one cysteic acid residue bears a free 
amino group, and that this residue is adjacent to the tyrosine moiety, one 
would be led to deduce, again on the basis of no rearrangement in the 
oxidation, that in oxytocin one-half of the cystine moiety would bear a 
free amino group, and that the carboxyl group on that half of the cystine 
moiety bearing the free amino group would be linked to the amino group 
of tyrosine. Further studies are being made of the reaction of DNFB 
with native oxytocin to make certain that the deduction made from the 


? Recent work by Dr. Julian R. Rachele of this laboratory on the determination of 
the molecular weight of oxytocin by the thermoelectric osmometer method (12) 
gave values of 1035 and 1023. These results confirm the preliminary results earlier 
reported indicating a monomer with the molecular weight given (13). 
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studies on the performic acid-oxidized oxytocin with regard to the free 
amino group of oxytocin is correct. 

The action of performic acid would be visualized as opening a ring in- 
volving the disulfide linkage, since all the evidence from our previous work 
(1) and the results reported in this paper have indicated that the purified 
performic acid-oxidized oxytocin does not consist of more than one com- 
ponent. Further evidence that the disulfide linkage of the cystine residue 
in oxytocin is in some type of cyclic structure has been afforded by the 
studies on the desulfurization of oxytocin (14). 

The demonstration of a free amino group on the isoleucine residue in the 
large fragment resulting from the cleavage of performic acid-oxidized 
oxytocin and the identification of the small fragment as B-sulfoalanyldi- 
bromotyrosine would indicate that isoleucine is adjacent to tyrosine in the 
performic acid-oxidized oxytocin and presumably in oxytocin itself. 


The authors wish to acknowledge the assistance of Miss Sachi Fujii 
and Mrs. Estelle K. Popenoe with the amino acid analyses and to thank 
Mr. Joseph Albert for the microanalyses. 


SUMMARY 


It has been demonstrated that the cleavage of oxytocin into two frag- 
ments takes place under treatment with bromine water and does not occur 
during the treatment of oxytocin with performic acid. 

The free amino groups in performic acid-oxidized oxytocin and the two 
degradation fragments have been located by analysis of these compounds 
on the starch column before and after treatment with DNFB. In the 
performic acid-oxidized oxytocin, the only free amino group was found to 
reside in one of the two cysteic acid residues. This free amino group was 
found on the cysteic acid moiety of the small fragment formed on treat- 
ment with bromine water. In accordance with these results, the small 
fragment has been identified as 8-sulfoalanyldibromotyrosine. -Sulfo- 
alanyltyrosyl- would thus be the probable sequence at the amino end of 
the performic acid-oxidized oxytocin molecule. It has also been found 
that the large fragment resulting from treatment with bromine water, 
which gives, upon hydrolysis, leucine, isoleucine, proline, glutamic acid, 
cysteic acid, aspartic acid, and glycine, possesses a free amino group on 
the isoleucine residue. 

The possible implication of these findings to the nature of the free amino 
group and to other aspects of the chemistry of oxytocin itself is discussed. 
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THE SYNTHESIS OF 6-SULFO-L-ALANYL-L-TYROSINE 
AND 1-TYROSYL-1t-CYSTEIC ACID AND THEIR 
DIBROMOTYROSYL ANALOGUES* 


By CARLETON W. ROBERTS anp VINCENT pu VIGNEAUD 


wihidiies the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, March 18, 1953) 


Studies from this laboratory have shown that a dipeptide of dibromo- 
tyrosine and cysteic acid is formed when oxytocin or performic acid- 
oxidized oxytocin is treated with bromine water (1, 2). In order to have 
dibromotyrosylcysteic acid and 6-sulfoalanyldibromotyrosine available for 
comparative studies with the dipeptide degradation product of oxytocin 
(2), the synthesis of these compounds was undertaken. 

Tyrosyleysteine and cysteinyltyrosine were prepared according to the 
method of Harington and Pitt Rivers (3) and were then oxidized to tyro- 
syleysteic acid and 6-sulfoalanyltyrosine, respectively, with performic acid. 
The dibromotyrosine compounds were prepared by bromination in glacial 
acetic acid. In addition to the Rr values and certain other physical con- 
stants of the six dipeptides, the absorption of these compounds in the 
ultraviolet region and the half wave potentials of the two sulfhydryl pep- 
tides are reported herein. 


EXPERIMENTAL! 
Preparation of Sulfhydryl Peptides 


L-Cysteinyl-L-tyrosine-—This compound was prepared essentially by the 
method described by Harington and Pitt Rivers (3); 7.e., by the coupling 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided greatly 
in this investigation. 

1 All the melting points reported herein are corrected, capillary melting points. 

2 The product we refer to as cysteinyltyrosine was originally described as cystey]- 
tyrosine by Harington and Pitt Rivers (3). Subsequent to the latter publication, 
the Commission for the Reform of Biochemical Nomenclature of the International 
Union of Pure and Applied Chemistry (4) adopted the rule that cysteinyl be used in 
naming peptides containing cysteine. In accordance with Consden and Gordon (5) 
we have used the name £-sulfo-L-alanyl- for the cysteic acid residue in peptides in 
which the cysteic acid contributes its carboxyl grouping to a peptide bond. To 
designate the peptide of cystine and tyrosine, we have employed the term cystinyl- 
bistyrosine rather than cystyltyrosine (3). It might be noted that Fruton (6), in his 
review on the synthesis of peptides, has employed the terms cystinylbistyrosine and 
cystinylbisglycine. 
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of S-benzyl-N-carbobenzoxycysteinyl azide with O-benzoyltyrosine ethy] 
ester, the hydrolysis of the product to S-benzyl-N-carbobenzoxycysteinyl- 
tyrosine, and the subsequent removal of the protective groupings according 
to the method of Sifferd and du Vigneaud (7) for the cleavage of a carbo- 
benzoxy amino acid or peptide and of a benzyl thio ether with sodium and 
liquid ammonia. The cysteinyltyrosine melted above 300°; [a]?! +15.8° 
(5 per cent in 1 N HCl); Amax. = 275 my in 0.1 N HCl, émax. = 4.1 X 10°. 
A value of 9.57 per cent for nitrogen was obtained in comparison with the 
theoretical value of 9.85 based on the empirical formula C,.H,.0.,N.S8. 

An alternative procedure for the preparation of cysteinyltyrosine that 
proved equally satisfactory was the reaction of the S-benzyl-N-carbo- 
benzoxycysteinyl azide with tyrosine ethyl ester itself; the isolated sulf- 
hydryl peptide was identical in every respect with that obtained by the 
original procedure. 

L-Tyrosyl-L-cysteine—This compound was prepared by the method de- 
scribed by Harington and Pitt Rivers (3). N-Carbobenzoxytyrosyl-S- 
benzylcysteine ethyl ester (one of the intermediates) was found to have a 
melting point of 168.5-169°. Harington and Pitt Rivers reported a melt- 
ing point of 142—148° for this compound. Analysis of our compound gave 
the following results. 


CosHs206N28. Calculated. C 64.9, H 6.01, N 5.22, S 5.97 
Found. © 64.4, “ 6.22, “ 5.35, ** 5.85 


Saponification of the ester gave N-carbobenzoxytyrosyl-S-benzylcys- 
teine, m.p. 162—163°; the value of 5.51 per cent for nitrogen was obtained 
in comparison with the theoretical value of 5.50, based on the empirical 
formula C2;7H2»O6N28. Harington and Pitt Rivers reported a melting point 
of 166°. The N-carbobenzoxytyrosyl-S-benzyleysteine was found to be 
dimorphic, a lower melting form (m.p. 132-133°) also being obtained. 
A mixture of the ethyl ester, m.p. 168.5—169°, and the higher melting free 
acid, m.p. 162-163°, melted at 150-156°. Upon recrystallization, the 
lower melting form yielded the higher melting form when seed crystals of 
the latter were used. 

The tyrosylcysteine, obtained from the N-carbobenzoxytyrosy1-S-benzyl- 
cysteine by reduction with sodium in liquid ammonia, was found to have 
the following properties: m.p. >300°; [a};' +21.8° (3.6 per cent in 0.5 N 
HCl); Amex. = 275 mp in 0.1 N HCl, emax. = 3.8 X 10%. A value of 9.63 
per cent for nitrogen was obtained in comparison with the theoretical 
value of 9.85 based on the empirical formula C12H;.0,N.8. 


Preparation of Cysteic Acid-Tyrosine Peptides 


The following procedure was used in the preparation of 6-sulfoalanyl- 
tyrosine and tyrosyleysteic acid. A solution of 40 ml. of 99 per cent formic 


_— —- 


ee a ee 





XUN 


hyl 
1yl- 
ling 
‘bo- 
and 
9.8° 
10%, 
the 


hat 
‘bo- 
ulf- 
the 


de- 
1-S- 
yea 
elt- 
ave 


Cys- 
ned 
‘ical 
oint 
» be 
red. 
free 
the 
s of 


zyl- 
lave 
ON 
9.63 
‘ical 


nyl- 
rmic 





C. W. ROBERTS AND V. DU VIGNEAUD 873 


acid, 4.5 ml. of 30 per cent hydrogen peroxide, and 2 ml. of water was 
allowed to stand for one-half hour at room temperature. After the solu- 
tion was cooled to —15°, 500 mg. (1.8 mm) of either tyrosylcysteine or 
cysteinyltyrosine were added; complete solution was effected in about 5 
minutes. The resulting solution was allowed to stand at —15° for 40 
to 50 minutes, and the reaction mixture was then lyophilized. The resi- 
due was dissolved in 10 ml. of water and lyophilized, and this procedure 
was repeated. Finally, the residual solid was taken up in a minimal 
amount of water and chilled. The crystalline product was removed by 
filtration, with anhydrous acetone as a carrier. It was important to pre- 
vent-the temperature from rising above 0° at any time when peroxide was 
present in the reaction mixture. 

8-Sulfoalanyltyrosine was obtained in 94 per cent yield and gave the 
following physical constants: m.p. 223-225° (with decomposition); [a]?! 
+29.2° (2.74 per cent in 0.1 N HCl), [a]?! +21.7° (5 per cent in distilled 
water), [a]?! +37.5° (3.53 per cent in 0.78 N NH,OH); Amax. = 275 mp 
in distilled water, €max. = 6.0 *K 10%. 


CH.0;N28. Calculated, N 8.43; found, N 8.34 


Tyrosyleysteic acid was obtained in 96 per cent yield: m.p. 181—183° 
(with decomposition); [a]?’ +3.52° (5.67 per cent in 5.5 N HCl), [el? 
+2.80° (7.14 per cent in distilled water), [a]?! —25.9° (2.16 per cent in 
0.26 N NHsOH); Amax. = 275 my in distilled water, émax. = 2.6 X 10°. 


Ci2H,O7N2S. Calculated, N 8.43; found, N 8.08 
Preparation of Dibromotyrosine-Cysteic Acid Peptides 


The following procedure was utilized for the bromination of the tyrosine- 
cysteic acid peptides. A solution of 10 ml. of glacial acetic acid containing 
2 gm. (12 mm) of bromine was added at room temperature to 100 mg. 
(0.3 mm) of 8-sulfoalanyltyrosine or tyrosyleysteic acid. The resulting 
solution was maintained at 25° for 20 minutes. The excess bromine and 
glacial acetic acid were removed by lyophilization of the mixture, and the 
residue was treated twice with glacial acetic acid, each time being lyo- 
philized to dryness. The residue was treated with 10 ml. of water and 
lyophilized. It proved most critical to remove any excess bromine and 
as much of the hydrogen bromide as possible before treatment with water. 
The final residues were crystallized and recrystallized from a minimal 
amount of water. 

8-Sulfoalanyldibromotyrosine was obtained in 95 per cent yield: m.p. 
263-264° (with decomposition); [a]? +36.6° (2.73 per cent in 0.78 N 
NH,OH); this compound was sufficiently insoluble in water and hydro- 
chloric acid so that rotations in these solvents were not taken; Amax. = 288 
mu in distilled water, émax. = 1.8 X 10%. 
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Ci2H407N2SBrz. Calculated. Cc 29.4, H 2.88, N 5.72, Ss 6.54, Br 32.6 
Found. ** 29.2, ** 3.06, ‘ 5.79, ‘*6.42, “ 32.3 


Dibromotyrosyleysteic acid was obtained in 93 per cent yield: m.p. 
210-212° (with decomposition); [a]?’ +14.1° (1.56 per cent in 0.1 n HC), 
[a]? +8.48° (2.43 per cent in distilled water), [a]?! —34.0° (3.27 per cent 
in 0.78 N NH,OH); Amax. = 288 muy in distilled water, émax. = 1.7 * 10°. 


CwHyO;N2SBro. Calculated. C 29.4, H 2.88, N 5.72, NS} 6.54, Br 32.6 
Found. “2, 3m,” 307," 6, “ S82 


Both dibromotyrosylcysteic acid and 6-sulfoalanyldibromotyrosine, as 
well as an authentic sample of dibromotyrosine (m.p. 242-244° (with de- 
composition), [a]? —8.00° (5 per cent in 0.78 n NH,OH)) showed an in- 
flection point in the ultraviolet spectra at 286 my, the ¢ being slightly less 
than at Amax.. The dibromotyrosine was prepared by the bromination 
procedure already described. Zeynek (8) reported a melting point of 242- 
245° (with decomposition). 

Physical Measurements—Ascending paper chromatograms were carried 
out in 75 per cent phenol on Whatman No. 4 paper for 16 hours in a constant 
temperature box at 25° + 0.5°. The spots were developed with ninhydrin 
reagent. Tyrosylcysteine (Rr = 0.34) and cysteinyltyrosine (Rr = 0.34) 
showed up mainly as the disulfide compounds; 7.e., bistyrosylcystine (Rr 
= 0.63) and cystinylbistyrosine (Ry = 0.61). Tyrosylcysteic acid and 
8-sulfoalanyltyrosine were found to have Re values of 0.23 and 0.24, re- 
spectively. The corresponding dibromo peptides showed a slight difference 
in Ry values; on one paper the values obtained were 0.39 for dibromotyro- 
syleysteic acid and 0.32 for 8-sulfoalanyldibromotyrosine; a second paper, 
run subsequently, gave values of 0.34 for dibromotyrosylcysteic acid and 
0.29 for B-sulfoalanyldibromotyrosine. It would thus appear that an ob- 
servable difference on paper may be obtained between these two com- 
pounds when they are run simultaneously. 

The ultraviolet absorption spectra were obtained with a Beckman quartz 
spectrophotometer. The cell length used in all experiments was 1 cm. 
The spectra of tyrosylcysteine, tyrosylcysteic acid, cysteinyltyrosine, and 
6-sulfoalanyltyrosine in HCl solution, as given in the preceding sections, 
were similar to that of tyrosine (9) with a maximum at 275 muy, and the 
spectra of the dibromotyrosylcysteic acid and the 6-sulfoalanyldibromo- 
tyrosine were in agreement with that of an authentic sample of dibromo- 
tyrosine with a maximum at 288 my and an inflection point at 286 mu. 

Polarographic determinations of the anodic reaction of the sulfhydry! 
peptides with the dropping mercury electrode were carried out in 0.1 M am- 
monium hydroxide-ammonium sulfate buffers, pH 9.5 at 25°, and at a 
concentration of 4.0 mg. per 10 ml. in the case of tyrosylcysteine and 3.3 
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mg. per 10 ml. in the case of cysteinyltyrosine. The data on the two 
sulfhydryl] peptides indicated that there is a distinct difference in half wave 
potentials, tyrosylcysteine giving a value of —0.27 volt, and cysteinyl- 
tyrosine a value of —0.50 volt against a normal calomel electrode. 


We are indebted to Dr. Julian R. Rachele for the polarographic deter- 
minations and to Mr. Joseph Albert for the microanalytical determinations 
in connection with this investigation. 


SUMMARY 


The syntheses of L-tyrosyl-i-cysteic acid, @-sulfo-L-alanyl-L-tyrosine, 
dibromo-L-tyrosyl-L-cysteic acid, and -sulfo-L-alanyldibromo-.-tyrosine 
are described. In addition to the Rr values and certain other physical 
constants of the dipeptides, the absorption of these compounds in the 
ultraviolet region and the half wave potentials of the related sulfhydryl 
peptides are reported. 
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ACTION OF PHOSPHOGLUCOMUTASE ON 
p-GLUCOSAMINE-6-PHOSPHATE* 
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(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missourt) 


(Received for publication, May 19, 1953) 


p(+)-Glucosamine (2-amino-2-deoxy-p-glucose) has been shown to be 
rapidly phosphorylated by ATP (adenosinetriphosphate) in the presence 
of crystalline yeast hexokinase to give pD-glucosamine-6-phosphate (1). 
Brain hexokinase also catalyzes this phosphorylation (2, 3), the product 
presumably being the same as that in the case of the yeast enzyme. It has 
been found that aqueous extracts of rabbit muscle, as well as amorphous 
and crystalline fractions of phosphoglucomutase prepared from them ac- 
cording to the method of Najjar (4), are able to catalyze the conversion of 
p-glucosamine-6-phosphate to what seems to be the hitherto unknown 
p-glucosamine-1-phosphate. The apparent equilibrium of the reaction has 
been determined and the Michaelis constant for p-glucosamine-6-phosphate 
has been measured and contrasted with that of a-p-glucose-1-phosphate. 

Leloir and coworkers discovered that the coenzyme of phosphogluco- 
mutase is a-D-glucose-1 ,6-diphosphate (5, 6). The mechanism of action 
of this substance has been elucidated by Leloir and by Sutherland e¢ al. 
(7). Leloir has reported that phosphoglucomutase can catalyze the equili- 
bration of mannose-1-phosphate and mannose-6-phosphate in the presence 
of a-glucose-1 ,6-diphosphate (8). Klenow and Larsen have stated that 
phosphoglucomutase fractions also have phosphoribomutase activity in the 
presence of a-glucose-1 ,6-diphosphate (9). The réle of this cofactor in the 
conversion of glucosamine-6-phosphate to glucosamine-l-phosphate has 
been studied. 


EXPERIMENTAL 


Preparation and Assay of Phosphoglucomutase—This enzyme was pre- 
pared from an aqueous extract of 800 gm. of rabbit muscle essentially by 
Najjar’s method (4). Instead of the first filtration step in his procedure, 
the heated aqueous extract was centrifuged in the model L Spinco centri- 
fuge at 0-5° at 44,000  g for 45 minutes. The shorter time required is 
believed to be chiefly responsible for the large yield of enzyme obtained by 
this modification. In the crystallization step, 121 mg. of amorphous pro- 


* This work has been supported in part by a grant from the Nutrition Foundation, 
Inc. 
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tein, determined by the Robinson and Hogden method (10), were removed 
between 0.50 and 0.55 saturation in (NH,).SO, after standing at 5° for 40 
hours. A crystalline fraction, containing 82 mg. of protein, was removed 
between 0.55 and 0.60 saturation in (NH4).SO,4. Each fraction was dis- 
solved in 2.0 ml. of 0.15 M potassium acetate-acetic acid buffer, pH 5.0, and, 
without being dialyzed, was stored at —25°. Although subjected to re- 
peated thawing and freezing, the fractions have retained full activity for 
at least 6 months. 

The amorphous fraction was considerably more active toward glucose-1- 
phosphate than either Najjar’s crystalline fraction or the crystalline frac- 
tion obtained in the present work. The fractions were tested at pH 7.5 
and 30° at an initial concentration of glucose-1-phosphate of 4.7 X 10-* m, 
in the presence of 0.019 m cysteine and 1.5 K 10-?m MgSO,y. The enzyme 
was prediluted at 0° to a concentration of 12.5 y per ml. in 100 y per ml. 
of bovine crystalline serum albumin made 0.019 in cysteine, pH 5.8. 
Such a solution could be kept for at least 15 minutes at 0° without change 
in enzyme activity. The concentration of mutase in the final incubation 
mixture was 1.2 y per ml., and that of albumin, 9.5 y per ml. The turn- 
over number of the amorphous fraction was found to be 32,100 moles per 
min. per 10° gm. of protein. The crystalline fraction had a turnover num- 
ber of 14,500 moles per min. per 10° gm. of protein. Only the amorphous 
fraction of higher specific activity was used in the following experiments 
on the mutation of glucosamine-6-phosphate. Najjar found his crystalline 
preparation to have a turnover number of 16,800 moles per min. per 10° 
gm. of protein (4). In the present work, approximately the same turnover 
number was obtained irrespective of whether a-glucose-1 ,6-diphosphate 
was added at a concentration of 9.7 X 10-7 M or was omitted, because the 
substrate used contained sufficient coenzyme for maximal stimulation (7). 
Increasing the amount of added coenzyme to a concentration of 9.7 « 10~® 
M led to inhibition of the rate of the reaction. This effect was especially 
marked in other experiments in which the concentration of mutase was 
only 0.12 y per ml. and the substrate concentration was likewise much 
lower than in the usual assay procedure. This inhibitory effect is discussed 
below. 

A brief study of the two fractions of phosphoglucomutase obtained has 
indicated (a) that predilution at pH 5.8 and 0° of the enzyme in serum 
albumin plus cysteine subsequently leads to a greater turnover number at 
any given concentration of enzyme than predilution in water alone; (b) 
that when the metal-chelating agent, ethylenediaminetetraacetic acid, is 
used instead of cysteine both in the predilution and incubation steps, the 
initial rate observed is only about 40 per cent of that observed with cys- 
teine. With some other metal-binding agents Sutherland found activations 
nearly equaling that of cysteine (11). 
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p-Glucosamine-6-phosphate—This ester was prepared either with crystal- 
line yeast hexokinase or with fractions of yeast hexokinase having a purity 
of at least 20 per cent. The procedure used in its preparation and purifi- 
cation has been described (1). The specific rotation of the dipolar ion of 
the ester was found to be [a}?* +48.5° (c, 0.51 per cent; H»O; pH 2.50). 

Two of the ionization constants of the ester have been determined by 
titration with a Beckman pH meter equipped with an external glass elec- 
trode. <A solution of glucosamine-6-phosphate at an initial concentration 
of 0.001 m, pH 3.70, was titrated with 0.03930 m NaOH (CO;--free) in a 
water bath maintained at 26.3°. Stirring was carried out with a stream 
of wet Ne. The data obtained were treated by the method of Simms (12) 
to give pK,’ = 6.08 and pK;’ = 8.10. The former constant is assumed 
to be for the second dissociation of the phosphoric acid group and the 
latter constant for the acidic ionization of the NH;* group. pK,’ could 
not be determined at the dilution of ester used. Although an appreciable 
salt effect on the doubly and triply charged ions might be expected, ap- 
proximate calculations show that, due to the low solute concentration, the 
activity correction on the pK’ values above would not exceed +0.04. 

a-D-Glucose-1 ,6-diphosphate—A sample of the barium salt, prepared syn- 
thetically by Dr. T. Posternak, was used after conversion to the sodium 
salt by reaction with NasSO, (13). 

Sodium Ethylenediaminetetraacetate—The disodium salt recrystallized 
three times was kindly supplied by the Alrose Chemical Company, Provi- 
dence, Rhode Island. This substance, known by the trivial names of 
Sequestrene and Versene, is referred to below as EDTA. 

Phosphorus and Reducing Sugar Determinations—Inorganic and labile 
phosphorus was determined by the method of Fiske and Subbarow (14) in 
filtrates deproteinized with 0.2 N perchloric acid. 

After neutralization of these filtrates, reducing power was determined 
with Reagent 60 of Shaffer and Somogyi (15) by using the arsenomolybdate 
reagent of Nelson for color development (16). Linear curves were ob- 
tained for glucosamine-6-phosphate and for glucosamine, but these curves 
did not pass through the origin, owing to the fact that a constant, small 
amount of the amino sugar is destroyed in the alkaline reagent more rapidly 
than it can reduce the Cu**; accordingly, amounts less than 0.05 um give 
proportionately too little color. Because of the variability of the destruc- 
tion by alkali, a standard curve was always determined. For analysis of 
about 0.05 uo or less of glucosamine-6-phosphate or glucosamine, the ferri- 
cyanide method of Park and Johnson may be used (17). In this procedure 
glucose and glucosamine give equivalent color values, but glucosamine-6- 
phosphate reduces much less on a molar basis. In addition, the position 
and shape of the curves for both of the amino sugars are influenced by the 
presence of neutral salts. NaCl has little effect, NaClO, somewhat en- 
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hances the color given by glucosamine-6-phosphate, while Na:SO, enor- 
mously depresses the color from either glucosamine or glucosamine-6-phos- 
phate. 


Results 


At first, the conversion of glucosamine-6-phosphate to an acid-labile 
ester by phosphoglucomutase was followed by analyzing the reaction mix- 
ture for the appearance of easily hydrolyzable phosphorus, taken arbitrar- 





@ 
oO 


h 
oO 











rs oe oe ee eee 

Oo 20 40 60 80 
HYDROLYSIS TIME (MIN.) 
Fig. 1. Rate of hydrolysis of glucosamine-1-PO, in 0.993 n HC1O, at 100°. Depro- 
teinized solution contained the components of an enzymatic incubation mixture at 
the following concentrations before hydrolysis: glucosamine-1-PO,, 3.52 & 10-5 M; 
glucosamine-6-PO,, 2.4 X 10-4 M; a-glucose-1,6-diPO,, 3.5 X 10-° m; EDTA, 3.9 
X 10-§ m; MgSO,, 1.1 X 10-4 mM. 5.0 ml. aliquots were taken for hydrolysis. The 
plotted data are corrected for the inorganic P present after heating a solution of the 


same composition but lacking in glucosamine-1-PO, for the same time periods in 0.993 
Nn HCIO,. 





GLUCOSAMINE-I-PO4 HYDROLYZED 
(PER CENT) 
a 
°o 


ily to be the amount of P liberated in 10 minutes at 100° in 1 nN HCIO,. 
After the existence of a mutase type of reaction was recognized, experi- 
ments were done to find conditions under which the labile ester could be 
determined quantitatively. Fig. 1 shows the result of hydrolyzing aliquots 
of a perchloric acid filtrate of an enzymatic reaction mixture with 1 N 
HClO, at 100° for various periods of time. It can be seen that the acid 
stability of the 1-ester is such that it is completely hydrolyzed in 30 min- 
utes. This hydrolysis time was used in all further experiments. For rea- 
sons discussed below glucosamine-1-phosphate would be expected to have 
moderate stability toward acid hydrolysis. 

If the labile ester produced by the action of phhivetuepeccmtane were 
glucosamine-l-phosphate, the reducing power of the incubation mixture 
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would be expected to decrease as the reaction proceeds, and there should 
be strict correspondence between the number of moles of labile ester formed 
and the number of moles of reducing sugar disappearing. Curves C and 
D (Fig. 2) show the results of experiments to investigate this point. The 
Reagent 60 of Shaffer and Somogyi was used to measure change in reducing 





D 


o80r seca 
q (-6-PO4) \ 
0.70 A con (=1-PO@) > ** 


Oo 

ro 

fo) 
T 


Oo 
164) 
[e) 
T 
he 
hy 


oc EP oa 
) 4 














030} BO eeeNE eerie | mmoles fmt jin. 
a A 29.5 0.0058 
a.20r c 59.0 0.012 
D 18. 0.024 
oF B | 295 ccysTEINEe> 0.014 


GLUCOSAMINE-!I-PO4 FORMED (MK MOLES /ML.) 
ie} 
BS 
°o 
T 


6) 
0 





L 











| oo Gee Se Oe ee 


= 


Md Se a 





20 640 











60 80 100 120 140 
TIME OF INCUBATION (MINUTES) 

Fig. 2. Rate and extent of conversion of glucosamine-6-PO, to glucosamine-1-PO, 
by various concentrations of phosphoglucomutase. Curves A, C, and D obtained 
with EDTA, 5.6 X 10-4 mM; Curve B obtained with cysteine, 1.9 X 10-2m. Curves C 
and D show correspondence between disappearance of reducing power and appear- 
ance of 30 minute labile P (1 n HCIO,, 100°). @, A, and X, labile P change; O, 
A, @, reducing power change. The initial composition of reaction mixtures of 
Curves A, C, D was glucosamine-6-PO,, 4.1 X 10-3 M; a-glucose-1,6-diPO;, 5.6 X 10-6 
mM; MgSO,, 1.5 X 10-3 m; bovine serum albumin, 9 y per ml.; pH 7.53, 30°. Enzyme 
prediluted in albumin containing EDTA. The reaction mixture of Curve B con- 
tained glucosamine-6-PO,, 2.1 X 10-3 M; a-glucose-1,6-diPO., 5 X 10-5 m; MgSO,, 
1X 10-*m. Enzyme prediluted in water. 


power. EDTA instead of cysteine was used in these and nearly all other 
experiments on the mutation of glucosamine-6-phosphate, because cyste- 
ine was found to interfere in the analytical methods for reducing sugar and 
for labile phosphorus following hydrolysis for 30 minutes in 1 Nn HClO,. 
It may be seen that throughout the course of the incubation there is good 
correspondence in reducing sugar and labile P changes. This invariable 
finding constitutes the best available evidence that glucosamine-1-phos- 
phate is the product of the mutation. Other evidence is discussed below. 
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In Fig. 2 good proportionality is shown between initial rate of conversion 
of glucosamine-6-phosphate and mutase concentration. Curves A, C, and 
D were obtained from three experiments, identical, except for the fact that 
a different concentration of enzyme was used in each. Such a strict pro- 
portionality cannot be shown when very large differences exist among the 
enzyme concentrations compared. This is due to the presence in the en- 
zyme itself of a-glucose-1,6-diphosphate, which, as will be shown later, 
exerts both a stimulatory and, at relatively high concentration, an inhibi- 
tory effect on the rate of mutation of glucosamine-6-phosphate. 

Curve D in Fig. 2 illustrates the fact that the reaction proceeds at pH 
7.53 and 30° to an apparent equilibrium at which 19.2 per cent of the 
glucosamine-6-phosphate initially present has been transformed to glu- 
cosamine-l-phosphate. The same equilibrium is attained irrespective of 
whether cysteine or EDTA is present in the solution and of the rate with 
which the reaction proceeds. Curve B in Fig. 2 shows the result of an 
experiment run in the presence of cysteine illustrating these points. As 
has been found for glucose-1-phosphate as substrate (see above), the rate 
of the transformation catalyzed by phosphoglucomutase is about 2.5 times 
as great with cysteine present as in the presence of EDTA. Insufficient 
glucosamine-1-phosphate has been obtained by the chromatographic pro- 
cedure described below to permit approaching the equilibrium from the 
side of the more labile ester. For this reason, the equilibrium found is 
referred to as an apparent one. Colowick and Sutherland found that the 
position of equilibrium in the mutation of glucose-1-phosphate is independ- 
ent of pH (18). This result is in accord with the fact that the pK.’ of 
glucose-6-phosphate is similar to that of glucose-1-phosphate and far from 
the pH at which the enzymatic conversion was studied. With glucosa- 
mine-6-phosphate it was noticed that incubation mixtures, in which a sub- 
stantial conversion to the l-ester had occurred, had a slightly lower pH 
than their initial one, suggesting that the pK;’ of glucosamine-1-phosphate 
may be less than 8.10, the value found for the 6-ester, and that the point 
of equilibrium between them might be pH-dependent. Although the pH- 
activity curve of mutase toward glucose-1-phosphate falls off rather steeply 
on either side of pH 7.5 (4), two experiments were done in which the ap- 
parent equilibrium of the conversion of glucosamine-6-phosphate to glu- 
cosamine-l-phosphate was determined at 30° at pH 7.11 and 7.80. At 
the former pH, 22.2 per cent and, at the latter, 21.6 per cent conversion 
of glucosamine-6-phosphate was observed. An apparent equilibrium of 
19.2 per cent was found at 30° at pH 7.53 (Fig. 2). Without direct know!- 
edge of the ionization constants of glucosamine-1-phosphate, it is impos- 
sible to state what significance, if any, may be attached to these differences 
in the apparent equilibrium point. 
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The réle of a-glucose-1 ,6-diphosphate in the mutation of glucosamine- 
6-phosphate was investigated. Fig. 3 shows the relative rates at which 
the reaction proceeded in the absence of any added coenzyme and in the 
presence of an added amount found to give maximal stimulation of the 
mutation of glucose-1-phosphate (7). A small stimulatory effect of the 
coenzyme was observed. In view of the fact that the reaction proceeded 
well in the presence of a large amount of enzyme (59 y per ml.), but in the 
absence of any added coenzyme, it was thought that the enzyme itself 
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Fig. 3. Acceleration by a-glucose-1 ,6-diPO, of rate of mutation of glucosamine-6- 
PO,. The reaction mixtures contained glucosamine-6-PO,, 4.0 X 107? mM; EDTA, 
5.5 X 10-4m; MgSO,, 1.5 X 10-* M; serum albumin, 9 7 per ml.; mutase, 59 y per ml.; 
pH 7.55, 30°. Enzyme prediluted in albumin containing EDTA. Reaction followed 
by change in 30 minute labile P. 


might have contained the coenzyme. This possibility was examined in an 
experiment carried out with Dr. Barbara Illingworth in which rabbit muscle 
phosphorylase recrystallized seven times, shown to be free of phospho- 
glucomutase, was allowed to degrade rabbit liver glycogen,! in the presence 
of inorganic phosphate, cysteine, and MgSO, at pH 7.2. The a-glucose- 
1-phosphate formed was shown to be without any contaminating a-glucose- 
1,6-diphosphate by its failure to be transformed to glucose-6-phosphate 
when the highly active phosphoglucomutase prepared above was added at 
a final concentration of 1.1 y per ml. However, when a-glucose-1 ,6-di- 
phosphate was also added at a final concentration of 4.8 X 10~® M, conver- 


1 Prepared by Dr. G. T. Cori. 
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sion of the l-ester to the 6-ester occurred rapidly. In a simultaneous 
experiment, adding phosphoglucomutase at a final concentration of 59.3 
per ml. produced, in the absence or presence of added coenzyme, a rapid 
conversion of the enzymatically generated glucose-1-phosphate to glucose- 
6-phosphate. A similar observation was also made with the crystalline 
mutase fraction. This demonstrates that the large amount of phospho- 
glucomutase used in the experiments of Fig. 3 contained a considerable 
amount of a-glucose-1 ,6-diphosphate. Thus, the relatively small stimula- 
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Fig. 4. Inhibition by a-glucose-1,6-diPO, of rate of mutation of glucosamine-6- 
PO, at different substrate concentrations. ©, glucosamine-6-PO,, 2.01 * 107° m; 
glucose-1,6-diPO., 5.3 X 10-°'m. @, glucosamine-6-PO,, 1.94 X 10-3 Mm; glucose-1,6- 
diPO., 4.8 X 10m. A, glucosamine-6-PO,, 1.10 X 10-3? Mm; glucose-1,6-diPO,, 5.3 
X 10-°m. A, glucosamine-6-PO,, 1.26 X 10-3 M; glucose-1,6-diPO,, 4.8 * 10-5 M. 
The reaction mixtures contained MgSO,, 1.5 X 10-?m; EDTA, 5.4 X 10-4 Mm; serum 
albumin, 9 y per ml.; mutase, 59 y per ml.; pH 7.55, 30°. Enzyme prediluted in 
albumin containing EDTA. Reaction followed by change in 30 minute labile P. 


tion obtained by adding more of the coenzyme is explained. The presence 
of the coenzyme in the enzyme preparation is of no importance in the usual 
studies with glucose-1-phosphate, because the activity of mutase toward 
this substrate is so much greater than toward glucosamine-6-phosphate 
that much smaller amounts of the enzyme need be used. Other experi- 
ments have suggested that glucosamine-6-phosphate prepared with the use 
of partially purified yeast hexokinase may itself contain a coenzyme for 
phosphoglucomutase. This possibility has not yet been fully examined. 
The presence of glucose-1,6-diphosphate in certain glucose-1-phosphate 
preparations has already been found (7). 

In addition to the stimulatory effect which a-glucose-1 ,6-diphosphate 
exerts on the conversion of glucosamine-6-phosphate to glucosamine-1- 
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phosphate, an inhibition by this substance has also been found consist- 
ently. Fig. 4 illustrates this observation. The degree of inhibition be- 
comes greater the lower the concentration of 6-ester. Because of the 
presence of a large but unknown amount of coenzyme in the enzyme 
preparation itself, it is impossible to state what total concentration of 
coenzyme was present in the test systems used. By using a constant 
amount of enzyme, an attempt was made to find whether the inhibition 
by the coenzyme was competitive. The study of the kinetics of the reac- 
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Fie. 5. Plot of kinetic measurements on rate of mutation of glucosamine-6-PQ,. 
A, no added a-glucose-1,6-diPO.; X, added glucose-1 ,6-diPOx, 5.3 X 10-°m; O, added 
glucose-1,6-diPO,, 4.8 X 10° m. All reaction mixtures contained EDTA, 5.4 X 
10-4 m; MgSO,, 1.5 X 10-8 Mm; serum albumin, 9 y per ml.; mutase, 59 y per ml.; pH 
7.55, 30°. Enzyme prediluted in albumin containing EDTA. Reaction followed by 
change in 30 minute labile P. 
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tion with glucosamine-6-phosphate was made rather inexact by the ana- 
lytical difficulties of following small initial changes in “30 minute labile” 
phosphorus. Plots of initial velocity versus (initial velocity) /(substrate 
concentration) show an approximate K, for glucosamine-6-phosphate of 
1 X 10-* Mm and there is a suggestion that the inhibition by a-glucose- 
1 ,6-diphosphate is competitive (Fig. 5). A similar set of experiments with 
a-glucose-1-phosphate as substrate showed a K, for that substance of the 
order of 1 X 10-4 m. Because the latter constant was determined at a 
very low enzyme concentration (0.12 y per ml.), reproducibility of the 
results was poor, and the Michaelis constant, accordingly, is not accurately 
determined. Inhibition by a-glucose-1 ,6-diphosphate of the action of mu- 
tase on a-glucose-l-phosphate was always observed and was particularly 
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marked when the substrate concentration was low. The nature of this 
inhibition has not been studied extensively. 

The separation of glucosamine-l-phosphate and glucosamine-6-phos- 
phate on an anion exchange resin by column chromatography should be 


TaBLeE I 


Separation of Glucosamine-1-PO, and Glucosamine-6-PO, by Column Chromatography 
on Dowex 1-HCl at 0.5° 


The solution was a pool of deproteinized (HC10,) filtrates from experiments 
with phosphoglucomutase and glucosamine-6-PO,. It was neutralized with KOH 
and filtered to remove KClO,. 8.0 ml. contained 0.43 um of glucosamine-1-PQ, 
(30 minute labile P) and 5.0 um of reducing sugar calculated as glucosamine-6-P0, 
(Reagent 60 (15)). Microdetermination of the NalO, consumed by 8.0 ml. of the 
solution in 4 hours at 25° showed an uptake of 22.4 um of the oxidant, which ex- 
ceeded the theoretical value by 1.3 um and suggested that some of the glucosamine- 
1-PO, in the pooled solution had been hydrolyzed by HClO, to glucosamine. An 
8.0 ml. sample was adjusted to pH 9.7 and added to 21.0 X 9.0 em. Dowex 1 column 
previously washed with 0.1 n HCl and then with H.O at 0.5°. Column run under 
air pressure at 0.6 ml. per minute. Samples collected, about 10 ml. each. 


Eluent Fraction | Total Reducing | 30 min. 


No. volume sugar* labile P Comments 
ml, uM uM 
H.O |} 1-3] 45 | 1.1 | Glucosamine 
HCl, pH 4.35 4-10; 70 | 0.0 
“ "38 11-18 | 80 |0.0 | 
Same 19-21 30 | 0.73 | Unidentified 
ss 22-26 | 50 | 0.0 | 
e 27-29 | 30 | 1.25 | 0.0 Glucosamine-6-PO, 
HCl, pH 3.16 30-35 | 60 | 1.81 | 0.0 ” 
Same 36-37 | 20 | 0.0 | 0.0 
HCl, pH 3.11 + | 38 10 | 0.0 | 0.048 | Total glucosamine-1-PO, in 
0.2 mM NaCl | Fractions 38-45, 0.44 um 
Same 39 10 | 0.021 
ae | 40 10 | 0.17¢ | 0.050 
* 41 10 | 0.11¢ | 0.073 
42 10 0.028 
“se 43 10 0.0 0.040 | 
HCl, pH 2.08 + 44 10 | 0.009+ 0.110 
0.2 mM NaCl 
Same 45 10 | 0.004t , 0.070§ 
7 46-48 85 0.0 0.0 


* Calculated as glucosamine-6-PO,. 

+ Method of Park and Johnson (17) with glucosamine-6-PO, as standard (see ‘‘Ex- 
perimental’’). 

t Compare with a value of 0.088 um increase in reducing power measured after 
30 minutes at 100° in 1 N H2SOx,. 

§ Compare with a value of 0.116 um increase in reducing power measured after 30 
minutes at 100° in 1 n H2SO,. 
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possible, especially if the two substances have different ionization con- 
stants. An effort was made to effect such a separation on a Dowex 1 
column at 0.5°. The low temperature was used to minimize any catalysis 
by the column of acid hydrolysis of glucosamine-l-phosphate. Table I 
shows the results of a small scale experiment, in which an alkaline solution 
of a deproteinized mutase reaction mixture was passed over Dowex | in its 
HCl form. After washing with water, the column was developed with 
dilute HCl and finally eluted with stronger HCl and then with HCl-NaCl. 
The data show that glucosamine-6-phosphate and glucosamine-1-phos- 
phate were separated, the former being eluted before the latter. The 
resolution achieved was not perfect, but the presence is shown in Fractions 
44 and 45 of a substance having 30 minute labile P and having, after 
hydrolysis, increased reducing power approximately equal to the amount 
of labile P present. The two esters are so similar that their resolution on 
Dowex 1 appears to require the use of a relatively long column. 


DISCUSSION 


Substantially all of the activity of aqueous extracts of rabbit muscle in 
converting glucosamine-6-phosphate to glucosamine-l-phosphate can be 
accounted for by their content of phosphoglucomutase. The preparation 
of phosphoglucomutase used here had a greater activity toward glucose-1- 
phosphate than any hitherto reported and it still possesses activity toward 
glucosamine-6-phosphate. Provisionally, then, phosphoglucomutase may 
be regarded as the enzyme which converts glucosamine-6-phosphate to 
glucosamine-1-phosphate. This mutation would be expected to proceed 
only in the presence of glucosamine-1 ,6-diphosphate by analogy with the 
reaction of glucose-1-phosphate (5-7), mannose-1-phosphate (8), and ribose- 
1-phosphate (9). Presumably, the diester would be formed initially by 
enzymatic transfer of a phosphate group from a-glucose-1 ,6-diphosphate 
to glucosamine-6-phosphate. No attempt has been made to verify this 
mechanism of the glucosamine mutase reaction. 

' The greater acid stability of glucosamine-l-phosphate than of other 
aldose-1-phosphates is attributable to the presence of an adjacent —-NH2 
group which exists in its charged form at acid pH. Moggridge and Neu- 
berger ascribed the remarkable stability of methyl glucosaminide toward 
acid hydrolysis to the presence of an adjacent positively charged amino 
group and its effect in repelling hydrogen ions from the vicinity of the 
glycosidic bond (19). In support of this explanation, they found that 
methyl N-acetylglucosaminide was hydrolyzed at a rate comparable with 
that of ordinary pyranosides. Although the work of Moggridge and Neu- 
berger has been regarded as proving the normal structural character of 
apparent glucosides of p-glucosamine, Viscontini and Meier have recently 
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raised a new objection to the formulation of glucosaminides as normal 
glucosides (20). They state that, in solutions in which the —NH)» group 
is uncharged, they could observe no reaction of this group with methyl 
isothiourea. The significance of this observation is not clear. The be- 
havior of glucosamine-1-phosphate toward acid hydrolysis certainly sup- 
ports the formulation of its structure as a normal aldose-1-phosphate. 

It is possible that the two phosphorylated esters of glucosamine which 
are now known to be produced enzymatically are of importance in the 
metabolism of the amino sugar and of compounds containing it. In this 
connection, it may be mentioned that muscle phosphorylase appears to 
have no ability to add glucosamine units to glycogen when provided with 
glucosamine-1l-phosphate as a substrate. It was not expected that this 
reaction would occur. The rate of the mutase reaction observed with 
glucosamine-6-phosphate is several hundred fold less than that with the 
glucose phosphates. While this may indicate that the reaction studied is 
of minor physiological importance, it may also be true that compounds 
containing glucosamine do not turn over as rapidly in vivo as glycogen does. 
Little information is available on this point. 


SUMMARY 


1. Phosphoglucomutase from rabbit muscle has been found to catalyze 
the conversion of p-glucosamine-6-phosphate to a more acid-labile ester of 
glucosamine. Reducing power of the reaction mixture disappears and, 
concomitantly, an exactly corresponding amount of labile phosphorus ap- 
pears. The ester formed can be separated from glucosamine-6-phosphate 
by column chromatography on Dowex 1. It yields all of its labile P only 
after 30 minutes of hydrolysis at 100° in 1 Nn HClOy. These data indicate 
that the ester is D-glucosamine-1l-phosphate. The rate of the reaction was 
found to be proportional to enzyme concentration. 

2. The phosphoglucomutase used had a turnover number toward glu- 
cose-1-phosphate of 32,100 moles per minute per 10° gm. of protein at pH 
7.5 and 30°. The enzyme was shown to contain a-glucose-1 ,6-diphosphate 
to an extent which precluded the demonstration of an absolute dependence 
of rate of mutation of glucosamine-6-phosphate on added coenzyme. How- 
ever, adding coenzyme was found to accelerate the rate of the reaction. 

3. The mutase reaction was found to proceed well but less rapidly in 
ethylenediaminetetraacetic acid than in cysteine. In the presence of ei- 
ther substance an apparent equilibrium at pH 7.53 and 30° was found at 
which 19.2 per cent of the 6-ester was converted to the 1-ester. 

4. a-Glucose-1 ,6-diphosphate, when present at a greater concentration 
than that needed for its coenzymatic function, was found to inhibit the 
initial rate of mutation of both glucosamine-6-phosphate and glucose-1- 
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phosphate. The kinetics of the reaction of the former substrate have 
been studied and its Michaelis constant has been estimated to be 1 X 107° 
m. Similar measurements of the Michaelis constant of glucose-1-phos- 
phate have given a value of about 1 X 10-!m. The inhibition by a-glu- 
cose-1 ,6-diphosphate of glucosamine-6-phosphate mutation appears to be 
competitive. 

5. Two of the ionization constants of p-glucosamine-6-phosphate have 
been measured by electrometric titration of a 0.001 m solution of the ester. 
They are pK.’ = 6.08 and pK;’ = 8.10 at 26°. The latter pK is attributed 
to the acidic ionization of the —N Hp: group. 

6. Procedures for the analysis of the reducing power of solutions of 
glucosamine-6-phosphate are discussed. 


The author is grateful to Professor C. F. Cori for his interest in this work. 
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SYNTHESIS OF POLYMERIC PEPTIDES IN PROTEINASE- 
CATALYZED TRANSAMIDATION REACTIONS* 


By JOSEPH S. FRUTON, WALTER R. HEARN,| VERNON M. INGRAM,t 
DONALD 8S. WIGGANS, anp MILTON WINITZS$§ 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, May 19, 1953) 


In an earlier communication from this laboratory (1), it was reported 
that, at pH values near 7, beef spleen cathepsin C catalyzes the polymeriza- 
tion of glycyl-L-phenylalaninamide (GPA) to form an insoluble product 
which is, on the average, an octapeptide containing alternate glycyl and 
L-phenylalanyl residues. The available data justify the conclusion that 
this polymerization involves successive enzyme-catalyzed transamidation 
reactions (2). Because of the possible importance of such reactions in the 
biosynthesis of the peptide chains of proteins (3), and for the laboratory 
synthesis of long chain peptides, a study was initiated to determine the 
optimal conditions, the nature of the products, and the enzymatic speci- 
ficity and mechanism in polymerization reactions catalyzed by cathepsin C. 
In the present communication, data are presented on the formation of 
polymeric products from GPA, from glycyl-L-tyrosinamide (GTA), and 
from L-alanyl-L-phenylalaninamide (APA). 

Formation of Polymer from GPA by Cathepsin C—It was reported pre- 
viously (1) that polymer formation was not observed at pH 5.2, near the 
optimal pH for the hydrolytic action of beef spleen cathepsin C (4). In 
order to determine more carefully the pH optimum of the polymerization 
reaction, a study was made of the effect of pH on the extent of transamida- 
tion when the enzyme acts on GPA at pH values near 7. The procedure 
employed was similar to that described previously (1), except that no buffer 
(other than GPA acetate) was added. 

It will be seen from Table I that extensive transamidation occurred in 
the pH range 6.6 to 7.8, with an apparent maximum near pH 7.6. The 
data in Table I also show that, at pH 6.6 (as at lower pH values), the extent 
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of the National Research Council). 
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of hydrolysis exceeds that of transamidation, whereas at pH 7.6 transami- 
dation is much more extensive than hydrolysis. At pH 6.6, no precipitate 
appeared within 24 hours; as the pH was increased to pH 7.6, increasing 
amounts of polymer were formed. The optimal pH for the preparation of 
the polymer is near pH 7.6, since lower yields were obtained at more alka- 
line pH values. 


TABLE I 
Catalysis of Polymerization of Glycyl-.-phenylalaninamide and of 
Glycyl-L-tyrosinamide by Cathepsin C 

Concentration of substrate, 0.05 M; concentration of cathepsin C (IC. UN = 
18.0), 0.0073 mg. of protein N per ml. of test solution; cysteine concentration, 0.004 
M; total volume, 5 ml.; time, 5 hours; temperature, 37°. The pH was adjusted by 
the addition of 0.1 N NaOH and checked at the start and at the end of the reaction. 
The initial and final pH values did not differ by more than 0.2. 











Substrate* Initial pH | ei Carboxyl liberation | Pc ce 
um per ml. uM per ml, | um per mil. 
GPA 6.6 27.1 15.4 11.7 
7.0 24.5 | 10.5 14.0 
7.4 24.4 8.4 16.0 
7.6 21.8 5.6 16.2 
7.8 16.4 5.1 11.3 
GTA 6.6 36.9 22.4 14.5 
7.0 25.5 9.8 15.7 
7.4 26.4 6.0 | 20.4 
7.6 26.0 4.2 | 21.8 
7.6f 14.1 0.7 | 13.4 
7.8 23.0 4.0 | 19.0 
8.0 | 18.1 1.6 16.5 








* Glycyl-L-phenylalaninamide acetate (GPA) or glycyl-L-tyrosinamide acetate 
(GTA). 


+ 0.012 m cyanide was present in place of cysteine. 


In the course of these studies, it was noted that, in the pH range 6.8 
to 7.6, the time interval required for the appearance of the precipitate 
markedly decreased with increasing pH. The appearance of initial tur- 
bidity was noted by means of a Bausch and Lomb photoelectric colorimeter 
with a 630 mu filter. Under the conditions described in Table I, no de- 
crease in light transmission was noted until 25 minutes after the start of 
the reaction at pH 7.6. The “lag period” observed at other pH values were 
60 minutes at pH 7.0, 40 minutes at pH 7.2, and 30 minutes at pH 7.4. 
Once turbidity has appeared, the light transmission decreases rapidly, 
coincident with the formation of the flocculent precipitate. The results of 
a representative experiment are given in Fig. 1. 
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The incubation period required for the appearance of the polymeric prod- 
uct suggests that the formation of the long chain product requires the 
successive addition of glycyl-L-phenylalanyl units to a growing chain un- 
tilan insoluble precipitate is formed. This hypothesis is supported by 
the observation that the tetrapeptide amide glycyl-L-phenylalanylglycyl- 
L-phenylalaninamide gives no polymer with cathepsin C at any pH tested. 
It would appear, therefore, that the polymerization does not involve the 
interaction of two tetrapeptide units, but rather that the substrate of 
each step of the reaction is GPA, with the addition of a dipeptide unit at 
the amino end of the growing chain. This mechanism is formally analo- 
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Fic. 1. Polymerization of glycyl-t-phenylalaninamide by cathepsin C at pH 7.2. 
The experimental conditions were similar to those given in Table I. Curve 1, rate 
of transamidation in micromoles per ml. (ordinate at the left); Curve 2, change in 
turbidity of solution as measured with Bausch and Lomb photoelectric colorimeter 
(ordinate at the right). 


gous to the successive addition of glucose units to a growing amylose chain 
of a branched polysaccharide when crystalline muscle phosphorylase acts 
on glucose-1-phosphate (5). 

Further studies on the specificity of the polymerization reactions have 
shown that GPA cannot be replaced by glycyl-t-phenylalanine or by glycyl- 
p-phenylalaninamide; this D isomer is not hydrolyzed by cathepsin C at 
pH 5, and does not serve as a substrate for transamidation reactions 
at pH 7.6. If glycyl-pi-phenylalaninamide is subjected to the action of 
cathepsin C at pH 7.5, the resulting insoluble polymer yields, on acid hy- 
drolysis, phenylalanine having a specific rotation of [a]?? —28.0° (2 per cent 
in H.O). Pure u-phenylalanine has a specific rotation of [a]?? —35.2°. It 
follows that the enzymatic polymerization exhibits stereochemical speci- 
ficity which favors the incorporation of the L isomer into the peptide chain. 
It cannot be stated at present whether the low rotation of the phenylalanine 
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obtained by hydrolysis was caused by the presence of a few p-phenylalany] 
residues in the chain; as will be noted from the results of chromatographic 
studies to be discussed later, it appears more probable that a small quantity 
of glycyl-p-phenylalaninamide was adsorbed by the polymer. 

From the extensive transamidation observed near pH 7 even when little 
or no precipitate is formed, it follows that soluble transamidation products 
are present in the incubation mixture. Further chromatographic studies 
are in progress to identify these soluble products. 

In an earlier paper from this laboratory (6), it was reported that glycine 
is the only amino-terminal amino acid in the polymer from GPA, as judged 
by end-group analysis. To establish more definitely the composition and 
structure of the insoluble material obtained by the action of cathepsin C 
on GPA, 30 mg. of the material were subjected to paper chromatography 
on Whatman No. 1 paper with n-butanol-pyridine-water (5 :2 :3) as the sol- 
vent. Three ninhydrin-positive fractions were identified on marker strips 
and will be denoted in what follows as Fraction A (Rp 0.47; long streak), 
Fraction B (Rr 0.13), Fraction C (did not move). Only Fractions A and 
C gave a positive reaction with Durrum’s reagent (7). After location 
of the fractions, the appropriate sections of paper were eluted with 60 
per cent acetic acid. Fraction B (about 3 mg.) was identified as glycyl- 
L-phenylalanine by the fact that, upon methylation and hydrolysis as de- 
scribed previously (6), only dimethylglycine and phenylalanine were ob- 
tained. Also, an authentic sample of glycyl-L-phenylalanine showed the 
same chromatographic behavior as did Fraction B in butanol-pyridine and 
in butanol-acetic acid. An aliquot of Fraction A (about 15 mg.), on hy- 
drolysis with 6 n hydrochloric acid at 110° for 24 hours, gave equimolar 
quantities of glycine and phenylalanine (as determined by the method of 
Moore and Stein (8)).!- On methylation followed by hydrolysis, dimethyl- 
glycine, glycine, and phenylalanine were found in a molar ratio of approxi- 
mately 1:3:3.3. The theoretical ratio for an octapeptide composed of re- 
peating glycylphenylalanyl units is 1:3:4. Fraction C could not be eluted 
completely from the paper since it appears to be the least soluble com- 
ponent of the mixture; approximately 7 mg. were obtained. Complete 
acid hydrolysis gave equimolar amounts of glycine and phenylalanine; 
methylation and hydrolysis gave a molar ratio of dimethylglycine-glycine- 
phenylalanine of 1:3.9:5. The theoretical ratio for a decapeptide com- 
posed of repeating glycylphenylalanyl units is 1:4:5. For the estimation 
of the relative proportions of dimethylglycine, glycine, and phenylalanine 
formed upon hydrolysis, spots from paper chromatograms of the hydroly- 
sates were located with the orcinol-sulfuric acid reagent (6) and were 
eluted. The eluates of the three spots were then analyzed by means of 
the copper phosphate procedure of Woiwod (9). 


1 We are indebted to Dr. Y. P. Dowmont for these determinations. 
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It may be concluded, therefore, that the insoluble material obtained by 
the enzymatic polymerization of GPA is a mixture composed largely of 
octa- and decapeptides, contaminated with a small amount (about 10 per 
cent) of glycyl-t-phenylalanine that cannot be eluted from the polymeric 
material with water. The capacity of the long chain peptides to adsorb 
peptides of lower molecular weight is also shown by the fact that the precip- 
itate obtained by the action of cathepsin C on glycyl-pi-phenylalaninam- 
ide, on chromatographic analysis with butanol-pyridine-water, is found 
to have a fourth ninhydrin-reactive component (Rr 0.23) which has been 
identified as glycylphenylalaninamide and is probably the unreactive D 
isomer. 

In the course of the studies on the polymerization of GPA at pH values 
near 7, it was found that the reaction usually stopped when the ammonia 
liberation corresponded to about 50 per cent of that expected upon complete 
deamidation of the substrate. The cause of this incomplete reaction, 
which was also noted with other dipeptide amides that are polymerized by 
cathepsin C, appears to lie in the removal of the enzyme from solution 
by the precipitated polymer. It will be seen from Fig. 1 that, after the 
appearance of the precipitate, the rate of transamidation is markedly de- 
creased. The supernatant fluid (obtained by centrifugation of the insol- 
uble precipitate present after an incubation period of 4 hours) did not 
exhibit measurable cathepsin C activity. Addition of enzyme and of cys- 
teine to the supernatant fluid caused further ammonia liberation and 
polymer formation. 

Formation of Polymer from GTA by Cathepsin C—It will be seen from 
Table I that extensive transamidation occurs when cathepsin C acts on 
GTA, and that the extent of this reaction is maximal near pH 7.6. This 
pH is also the most favorable for the formation of an insoluble polymer. 
A preparative experiment was conducted in a manner similar to that em- 
ployed for the polymerization of GPA (1), except that the pH was ad- 
justed with 0.1 n NaOH to pH 7.6 instead of 7.1. From 3.45 gm. of GTA 
acetate in 272 ml. of incubation mixture, a precipitate was obtained which 
was collected by centrifugation and washed four times with 50 ml. portions 
of water. After being dried, the product weighed 100 mg., and contained 
1.0 per cent ash. On an ash-free and moisture-free basis, the product con- 
tained 13.5 per cent nitrogen (Kjeldahl) and 1.2 per cent a-amino N (Van 
Slyke nitrous acid method). Complete hydrolysis with 7 N hydrochloric 
acid for 24 hours at 110° liberated 1.2 per cent of ammonia N. After re- 
moval of the ammonia from the hydrolysate, the a-amino N was found to 
be 12.3 per cent. Like the polymer from GPA, the product from GTA 
gives a positive biuret reaction (purple color) with alkaline copper sulfate. 

The analytical data given above indicate that the insoluble product is, 
on the average, a decapeptide amide of the structure glycyl-L-tyrosyl(gly- 
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cyl-L-tyrosyl) glycyl-L-tyrosinamide. It will be seen that the ratio of 
amino acid N (total N minus ammonia N) to a-amino N (before acid hy- 
drolysis) equals 10.2. The fact that the a-amino N before acid hydroly- 
sis and the ammonia N after acid hydrolysis are the same (1.2 per cent) 
shows that, under the conditions of the enzyme experiment, the extent of 
hydrolysis of GTA to glycyl-L-tyrosine was small. This is in contrast to 
the findings with the insoluble material obtained from GPA, and the differ- 
ence may be attributed to the fact that the polymer from GPA was pre- 
pared at pH 7.1, whereas the polymer from GTA was prepared at pH 7.6. 
At the latter pH the extent of enzymatic hydrolysis (as measured by car- 
boxy] liberation) is niuch less than at pH 7.1, and the reaction is almost 
exclusively one of transamidation. 

Since the extent of transamidation in the polymerization of GTA at 
pH 7.6 amounted to 21.8 uM per ml. (Table I), it will be seen that the yield 
of insoluble polymer was extremely small (approximately 9 per cent of 
the theory), and that the major products of the reaction remained in 
solution. It may be assumed that these soluble products represent pep- 
tides of shorter chain length than the decapeptide amide obtained in in- 
soluble form. Chromatographic studies designed to separate and identify 
these soluble peptides are in progress. 

It will be noted from Table I that the substitution of cysteine by cyanide 
as the activator in the enzymatic transamidation of GTA causes a decrease 
in the rate of the reaction. The formation of polymer also occurs in the 
presence of cyanide, but the yields are usually lower than with cysteine 
as the activator. 

Formation of Polymer from APA by Cathepsin C—It will be noted from 
Table II that APA serves as a substrate for cathepsin C at pH 7.2, and 
that the transamidation reaction at this pH leads to the formation of an 
insoluble precipitate. For the preparation of an insoluble polymer derived 
from APA, 0.74 gm. (0.005 mole) of APA acetate was incubated at pH 
7.2 in the usual manner (1) with cathepsin C (total volume, 50 ml.). After 
3 hours, the precipitate was collected by centrifugation and washed four 
times with 10 ml. portions of water. After being dried, the product 
weighed 240 mg., was ash-free, and contained 14.0 per cent nitrogen (Kjel- 
dahl) and 2.1 per cent a-amino N (Van Slyke nitrous acid method). Com- 
plete hydrolysis with 7 n hydrochloric acid for 21 hours liberated 1.7 per 
cent ammonia N; the hydrolysate contained 12.6 per cent amino acid 
N. These analytical data indicate that the average chain length of the 
product is that of a hexapeptide (12.3/2.1 = 5.9). From the relative 
amounts of ammonia liberated on acid hydrolysis and the a-amino N be- 
fore acid hydrolysis, it may be calculated that the product contains, on 
the average, 80 per cent of the hexapeptide amide, L-alanyl-L-phenylalanyl- 
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L-alanyl-L-phenylalanyl-L-alanyl-L-phenylalaninamide, and 20 per cent of 
the free hexapeptide. 

Under the conditions of this experiment, the extent of transamidation 
reached approximately 50 per cent, corresponding to the conversion of 
1.25 mm of APA; therefore, the theoretical yield of hexapeptide amide plus 
hexapeptide is approximately 0.42 mm. The amount isolated (240 mg.) 
corresponds to 0.36 mm, or 86 per cent of the theoretical value. This yield 
is significantly greater than that obtained under similar conditions from 
GPA (67 per cent (1)), and considerably greater than that obtained from 
GTA. In this connection, it is of interest to note that the yield of insolu- 


TaBLeE II 
Transamidation of u-Alanul-t-phenylalaninamide by Cathepsin C 
Concentration of L-alanyl-t-phenylalaninamide acetate, 0.05 mM; concentration 
of cathepsin C ([C. URN = 18.0), 0.0073 mg. of protein N per ml. of test solution; 


cysteine concentration, 0.004 m; pH 7.2 (adjusted by the addition of 0.1 nN NaOH); 
temperature, 37°. 








Time Ammonia liberation Carboxyl liberation Extent of transamidation 











min. uM per ml. | um per ml. uM per ml. 
30* Get 2.6 5.1 
60 15.0 3.5 11.5 
90 | Zr .1 4.0 47.1 
120 | 27.5 4.5 23.0 
180 | 31.4 6.5 24.9 
240 31.0 6.5 24.5 














* A gelatinous precipitate was present which increased in amount on further 
incubation. 


ble polymer decreases as the average chain length of the product increases. 
It may be inferred that a decisive factor in determining the chain length 
and yield of the insoluble product is the solubility of intermediate peptides 
formed in the polymerization process. The hexapeptides derived from 
GPA and GTA appear to be more soluble than the hexapeptide from APA, 
whereas the octapeptide derived from GTA appears to be more soluble 
than that derived from GPA. 

Further Studies on Specificity of Polymer Formation by Cathepsin C—In 
order to examine further the influence of structural changes in the sub- 
strate on the extent of transamidation by cathepsin C, the following di- 
peptide amides were tested under the experimental conditions given in 
Table II: t-alanyl-L-tyrosinamide (ATA), t-leucyl-L-tyrosinamide (LTA), 
a-L-glutamyl-L-phenylalaninamide (GluPA). Although ATA is readily hy- 
drolyzed at pH 5 and gives a polymer at pH 7.6 (Table III), LTA and 
GluPA did not show extensive ammonia liberation under conditions which 
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gave transamidation with GPA, GTA, and APA. LTA and GluPA were 
hydrolyzed slowly by cathepsin C at pH 5. Interpretation of these results 
is made difficult by the fact that LTA and GluPA are sparingly soluble in 
water. It was noted previously (4) that L-phenylalanyl-L-phenylalanina- 
mide gives an insoluble precipitate in the presence of cathepsin C at pH 
5; a similar result has been noted at pH 7. Preliminary experiments have 
also shown that L-seryl-L-phenylalaninamide serves as a substrate for cath- 
epsin C, and gives an insoluble precipitate at pH 7. 

It was of considerable interest to find that none of the following tripep- 
tide amides served as a substrate of cathepsin C at pH 7: glycylglycyl-.- 
phenylalaninamide, glycyl-t-phenylalanylglycinamide, and t-alanylglycyl- 


Tas_e III 
Transamidation of u-Alanyl-u-tyrosinamide by Cathepsin C 
Concentration of t-alanyl-L-tyrosinamide acetate, 0.05 m; concentration of 
cathepsin C ([C. 1 8 ig = 15.6), 0.014 mg. of protein N per ml. of test solution; 
cysteine concentration, 0.004 m; temperature, 37°. 











* | 
pH | Time | dees | taal vidaiaasalaiatio 
min. uM per ml. | pum per ml. pM per ml. 
5.0 60 12.4 | 11.2 | 12 
120 22.3 | 20.3 2.0 
180 26.9 26.6 0.3 
7.6 30* | 10.8 0.0 | 10.8 
60 | 14.3 1.4 12.9 
120 14.7 1.4 | 13.3 


* The solution was cloudy at 30 minutes, and a gelatinous precipitate appeared 
at 40 minutes. 


L-phenylalaninamide. This result suggests that cathepsin C is specifically 
adapted to the catalysis of transamidation reactions in which a dipeptide 
unit such as that derived from GPA, GTA, APA, or ATA is transferred to 
an acceptor amino group. The fact that L-phenylalaninamide is not a 
substrate for cathepsin C (4), and that closely related tri- and tetrapeptide 
amides also are not attacked, points to the dipeptide unit as one of especial 
metabolic importance in the elongation of peptide chains by cathepsin C. 
Further studies are required to establish more clearly the réle of dipeptides 
in protein synthesis. It will be of interest to examine the action of purified 
intracellular proteinases on derivatives of dipeptides in which the terminal 
carboxyl group participates in an ester or a thiol ester linkage. 


Synthesis of Peptide Derivatives Tested As Substrates 


Glycyl-L-phenylalaninamide Acetate—This substance was prepared as de- 
scribed previously (10) from carbobenzoxyglycyl-t-phenylalanine ethy! 
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ester, which may be obtained in good yield by the reaction of L-phenylala- 
nine ethyl ester with carbobenzoxyglycyl chloride (10), with carbobenz- 
oxyglycinazide, or with carbobenzoxyglycine in the presence of isovaleryl 
chloride and triethylamine (11). 

Glycyl-p-phenylalaninamide Acetate—This substance was prepared by the 
coupling of carbobenzoxyglycine and p-phenylalanine ethyl ester in the 
presence of isovaleryl chloride and triethylamine, followed by treatment 
with ammonia and hydrogenolysis, as described for the L form (10). 


Ci3Hi904N3 (281.2). Caleulated. N 14.9, NH.-N 5.0 
Found. ‘iar, * «50 
[a] —28.5° (5% in water) 


L-Alanyl-L-phenylalaninamide Acetate—4.4 gm. of carbobenzoxy-L-alanyl- 
L-phenylalanine ethyl ester (12) were dissolved in 100 ml. of methanol pre- 
viously saturated with ammonia at 0°. After 2 days, the solution was 
concentrated; the resulting product was recrystallized from methanol-wa- 
ter. Yield, 4.0 gm.; m.p. 210-211°. 


C2ooH2;04N; (369.4). Calculated, N 11.4; found, N 11.2 


3.2 gm. of the carbobenzoxydipeptide amide were subjected to catalytic 
hydrogenolysis in methanol in the presence of 0.6 ml. of glacial acetic acid. 
After removal of the catalyst, the filtrate was concentrated in vacuo, yield- 
ing 2.4 gm. of crystalline product. 


CisH2104N; (295.3). Calculated, N 14.2; found, N 14.3 
la]5 +33.4° (1.54% in water) 


a-L-Glutamyl-L-phenylalaninamide—This compound was prepared as de- 
scribed previously (13). 

Glycyl-L-tyrosinamide Acetate—This compound was prepared as described 
previously (10). In contrast to the report of Kaufman, Neurath, and 
Schwert (14), no difficulty was encountered in the hydrogenolysis of car- 
bobenzoxyglycyl-L-tyrosinamide in the presence of acetic acid. 

L-Alanyl-L-tyrosinamide Acetate—An ethyl] acetate solution of carbobenz- 
oxy-L-alaninazide (prepared in the usual manner from 4.0 gm. of the hy- 
drazide (15)) was added to an ethyl acetate solution of L-tyrosine ethyl 
ester (prepared from 4.2 gm. of the hydrochloride). After 20 hours at 
room temperature, the solution was washed and dried in the usual manner 
and concentrated in vacuo to yield an oil which was dissolved in 100 ml. of 
methanol previously saturated with ammonia. After 2 days, the solution 
was concentrated in vacuo, yielding a crystalline product. After recrys- 
tallization from methanol-water, the substance melted at 216°; yield, 3.0 
gm. 


C2oH2305N;3 (383.4). Calculated, N 10.9; found. N 11.2 











900 SYNTHESIS OF POLYMERIC PEPTIDES 


Hydrogenolysis of 2.5 gm. of the carbobenzoxydipeptide amide in the 
presence of 0.5 ml. of glacial acetic acid gave 1.9 gm. of the dipeptide amide 
acetate. 


Cy4H2,0;N3 (311.3). Calculated. N 13.5, NH.-N 4.5 
Found. “mys “ GA 
la]? +30.2° (1.2% in water) 


L-Leucyl-L-tyrosinamide Acetate—This substance was prepared from 1.7 
gm. of carbobenzoxy-L-leucinhydrazide and 1.4 gm. of L-tyrosine ethyl 
ester hydrochloride in a manner similar to that described for L-alanyl-.- 
tyrosinamide. A crystalline carbobenzoxy dipeptide amide was not ob- 
tained; hydrogenolysis of the syrup gave a crystalline dipeptide amide 
acetate. The product was recrystallized from methanol-ethyl acetate. 


C1rH2,05N; (353.4). Calculated. N 11.9, NHi-N 4.0 
Found. ** 12.0, 4.0 
la]¥ +6.2° (2.1% in pyridine) 
Glycylglycyl-L-phenylalaninamide—A chloroform solution of carbobenz- 
oxyglycylglycinazide (from 5.0 gm. of the hydrazide) was added to an 
ethyl acetate solution of L-phenylalanine ethyl ester (prepared from 4.1 gm. 
of the hydrochloride). After 16 hours at room temperature, the solution 
was washed and dried in the usual manner and concentrated in vacuo to 
yield 4 gm. of carbobenzoxytripeptide ester; m.p., 73-74°. Hydrogenolysis 
of 2.0 gm. of this product in the presence of 0.27 ml. of glacial acetic acid 
gave 1.5 gm. of the tripeptide ester acetate. The substance was recrystal- 
lized from methanol-ether; m.p., 121-122°. 


C,7H250¢) 3 (367.3). Calculated, N 11.4; found, ih By 


Treatment of 2.6 gm. of the carbobenzoxytripeptide ester with ammonia 
in methanol gave the corresponding amide. After recrystallization from 
methanol-water, the yield was 2.1 gm.; m.p., 196-197°. Hydrogenolysis 
in methanol solution gave the tripeptide amide, which was recrystallized 
from methanol-ethy] acetate. 


CisHisO,N, (278.3). Calculated, N 20.1; found, N 20.0 


Glycyl-L-phenylalanylglycinamide—1 gm. of the corresponding carbobenz- 
oxy compound (16) was subjected to hydrogenolysis in the usual manner 


to yield a syrupy hygroscopic product which was dissolved in water. The 


aqueous solution was analyzed for its nitrogen content, and aliquots were 
used for the enzyme experiments. 

L-Alanylglycyl-L-phenylalaninamide—An ethyl acetate solution of carbo- 
benzoxy-L-alanylglycinazide (prepared in the usual manner from 4.9 gm. 
of the hydrazide (17)) was added to an ethyl acetate solution of L-phenyl- 
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alanine ethyl ester (prepared from 4.2 gm. of the hydrochloride). After 
16 hours at room temperature, the solution was washed and dried in the 
usual manner and concentrated in vacuo, yielding a crystalline residue 
which was recrystallized from ethyl acetate-petroleum ether. Yield, 5.2 
gm.; m.p., 123-124°. 


CosHogOcN; (455.4). Calculated, N 9.2; found, N 9.4 


Upon treatment of 1.2 gm. of the carbobenzoxytripeptide ester with 
ammonia in the usual manner, the corresponding amide was obtained. 
After recrystallization from methanol-ethyl acetate, the substance melted 
at 224-225°; yield, 0.8 gm. 


CooHe6OsN,4 (426.4). Calculated, N 13.1; found, N 13.2 


0.8 gm. of the carbobenzoxytripeptide amide was subjected to catalytic 
hydrogenolysis in methanol. After removal of the solvent, the resulting 
product was recrystallized from methanol-ethyl acetate. Yield, 0.4 gm. 


CisHavO3N, (292.3). Calculated, N 19.2; found, N 19.1 


Glycyl-L-phenylalanylglycyl-L-phenylalaninamide—Carbobenzoxygly cyl-L- 
phenylalaninhydrazide was prepared by the treatment of the correspond- 
ing ester (18) with hydrazine hydrate in the usual manner. After recrys- 
tallization from hot water, the hydrazide melted at 85-86°. An ethyl 
acetate solution of the corresponding azide (prepared in the ustial manner 
from 2.5 gm. of the hydrazide) was added to an ethyl acetate solution of 
glycyl-L-phenylalaninamide. After 16 hours at room temperature, the re- 
action mixture was washed and concentrated in vacuo, to yield 2.5 gm. of 
the desired product; m.p., 192—193°. 

CsoH3,;06N5 (559.5). Calculated, N 12.5; found, N 12.65 

Upon hydrogenolysis of 1.2 gm. of the carbobenzoxytetrapeptide amide, 
0.9 gm. of a crystalline product was obtained. It was recrystallized twice 
from ethanol-petroleum ether. 

Co2H27O4N5 (425.4). Calculated. N 16.4, NH2-N 3.3 


Found. ‘io  “ $2 
[a]§ +17.6° (2% in pyridine) 


In the hydrogenolysis of carbobenzoxy tri- and tetrapeptide amides such 
as those described above, it is preferable to conduct the reaction in the 
absence of acetic acid. 


SUMMARY 


Studies on the polymerization of glycyl-L-phenylalaninamide by cathep- 
sin C have shown that this reaction has a pH optimum near 7.6, and leads 
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to the formation of an insoluble product that contains long chain peptides, 
probably octa- and decapeptides. The formation of the polymer appears 
to proceed by the stepwise addition, in successive transamidation reactions, 
of glycyl-t-phenylalanyl units to the amino end of a growing peptide chain. 

Similar polymerization reactions have been described with other dipep- 
tide amides (glycyl-L-tyrosinamide, L-alanyl-L-phenylalaninamide, L-ala- 
nyl-L-tyrosinamide) that are substrates of cathepsin C. On the other 
hand, experiments with amino acid amides, tri-, or tetrapeptide amides 
showed that, under the conditions of these studies, the amide group of 
none of the compounds tested was attacked measurably by cathepsin C. 
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Because of the lack of suitable methods for the determination of phos- 
phatidyl ethanolamine and phosphatidyl serine, it has not been feasible 
to assay these substances directly. These non-choline-containing phos- 
pholipides (so called cephalins) are usually determined indirectly as the 
difference between total and choline-containing phospholipides (1-3). The 
methods for the direct determination of phosphatidyl ethanolamine and 
phosphatidyl serine which have been reported (4) lack sensitivity and re- 
quire large volumes of plasma. The single value reported by Artom (5) for 
the sum of phosphatidyl ethanolamine and phosphatidyl serine in human 
plasma is several times greater than the cephalin values indicated by the 
choline to phosphorus ratio (1-3) and suggests a lack of specificity in the 
method. Recently, Robins and Lowry (6) in a preliminary report de- 
scribed the use of dinitrofluorobenzene for the determination of total ceph- 
alins in brain tissue. 

The present paper describes sensitive and specific procedures for the 
direct estimation of phosphatidyl ethanolamine and phosphatidyl serine 
in red blood cells and plasma. The methods involve extraction and hy- 
drolysis of the phospholipides, followed by the formation of colored de- 
rivatives of ethanolamine and serine with dinitrofluorobenzene (DNFB). 
The ethanolamine dinitrobenzene derivative (DNP ethanolamine) and ser- 
ine dinitrobenzene derivative (DNP serine) are completely separated from 
one another by their differential solubilities in organic solvents and are as- 
sayed spectrophotometrically. 

By these methods it has been possible to determine the relative propor- 
tions of choline, ethanolamine, and serine-containing phospholipides in 
plasma and red blood cells of man and dog and to establish that the cepha- 
lins in the blood of these species consist almost entirely of phosphatidyl 
ethanolamine and phosphatidyl] serine. 
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EXPERIMENTAL 
"Reagente— 

1. Dialyzed iron with 5 per cent ferric oxide (Merck). 

2. Magnesium sulfate solution. 50 gm. of MgSO,-4H,0 are dissolved 
in 50 ml. of water. 

3. 0.5 N HCl in 50 per cent alcohol. 

4, Dinitrofluorobenzene reagent (DNFB). 0.1 ml. of dinitrofluoroben- 
zene (Republic Laboratories, Chicago, Illinois) are dissolved in 2 ml. of 
absolute alcohol. The reagent should be prepared the day it is used. 

5. Methyl isobutyl ketone (Eastman). 

6. Standard ethanolamine solution. Ethanolamine (Eastman) is dis- 
tilled to yield a fraction boiling at 168°. A 0.01 m stock solution is prepared 
by dilution with water. Working standards are prepared by suitable di- 
lution of the stock solution with water. 

7. Standard serine solution, 0.01 m. Working standards are prepared 
by dilution of the stock solution with water. 

8. DNP serine (N-2 ,4-dinitrobenzene pL-serine) was prepared according 
to the procedure described by Porter and Sanger (7). This compound was 
subjected to counter-current distribution and was found to include less 
than 1 per cent impurity. 

9. DNP ethanolamine (N-2,4-dinitrobenzene ethanolamine) was pre- 
pared as follows: 0.22 gm. of ethanolamine and 0.4 gm. of NaHCO; were 
dissolved in 5 ml. of water and to this was added a solution of 0.84 ml. of 
DNFB in 13 ml. of ethanol. The mixture was shaken for 2 hours.at room 
temperature and the alcohol was removed by evaporation in a stream of 
air. The oily residue slowly crystallized. DNP ethanolamine was re- 
crystallized twice from ether and, after drying in vacuo, melted sharply 
at 90°. The compound was subjected to counter-current distribution and 
found to include less than 1 per cent impurity. 


Extraction of Phospholipides 


In preliminary experiments the phospholipides were extracted from 
plasma and red cells with the alcohol-ether solvent of Bloor (8), following 
which the solvent was evaporated to dryness and the phospholipides 
taken up in petroleum ether. The petroleum ether was evaporated to dry- 
ness, the residue treated with hot aqueous alkali, and the hydrolysate re- 
acted with DNFB to yield yellow DNP derivatives. Counter-current 
distribution of this material showed the presence of a considerable number 
of substances besides DNP ethanolamine and DNP serine. It is probable 
that these contaminants were due to amino acids which, as Folch and 
Van Slyke (9) have shown, dissolve in petroleum ether in the presence of 
blood phospholipides. A lipide extract essentially free from nitrogenous 
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contaminants was obtained by the procedure of Folch and Van Slyke (9). 
This procedure involves precipitation of proteins and lipides by means of 
colloidal ferric oxide and the removal of nitrogenous contaminants by 
washing the precipitate with magnesium sulfate solution, followed by ex- 
traction of the lipides into an alcohol-ether solution. 

“Procedure—Pipette 2 ml. of plasma or red cells into a 50 ml. conical centri- 
fuge tube and add 30 ml. of distilled water, 2.5 ml. of dialyzed iron, and 1.3 
ml. of a 50 per cent solution of magnesium sulfate. Centrifuge the tube 
for 10 minutes and remove the supernatant fluid by decantation. Wash 
the precipitate by centrifugation three times with 30 ml. of water plus 1.3 
ml. of the magnesium sulfate solution. Suspend the precipitate in 4 ml. 
of absolute alcohol and transfer as completely as possible to a glass-stop- 
pered graduated cylinder. Complete the transfer by using in succession 
4 ml. of alcohol, 4 ml. of ether (reagent grade), and an additional 4 ml. of 
ether. Dilute to 20 ml. with ether. Extract the lipides from the precipi- 
tate by shaking the cylinder for 5 minutes. Filter and transfer a 10 ml. 
aliquot of the filtrate to a 60 ml. glass-stoppered bottle. Evaporate the 
solution just to dryness in a stream of air on a warm hot-plate set to 50°. 
Cool and add 0.1 ml. of the alcoholic solution of 0.5 n HCl, followed by 15 
ml. of petroleum ether (b.p. 30-60°), and shake for 10 minutes. Aliquots 
of the petroleum ether extract are used for the determination of phospha- 
tidyl ethanolamine and phosphatidyl serine, as described below. A 1 ml. 
aliquot is taken for the determination of total phospholipide phosphorus! 
(10) and a 4 ml. aliquot for the estimation of the choline-containing phos- 


phoppides (11). 

he recovery of the phospholipides by the modified Folch-Van Slyke 
extraction procedure was checked by comparing the phospholipide phos- 
phorus values in plasma and whole blood with those obtained by the direct 
extraction method of Bloor (8). The agreement between the two sets of 
values was satisfactory (Table I) and indicates that phospholipides are 
not lost in the use of the colloidal iron procedure. 


Estimation of Phosphatidyl Ethanolamine and Phosphatidyl Serine 


The petroleum ether extract containing phosphatidyl ethanolamine and 
phosphatidyl serine is evaporated to dryness, taken up in aqueous alkali, 
and hydrolyzed to liberate ethanolamine and serine. The hydrolysate is 
treated with DNFB reagent to form DNP ethanolamine and DNP serine, 
under conditions whereby both ethanolamine and serine react stoichio- 
metrically with DNFB. DNP ethanolamine is quantitatively extracted 
from the reaction mixture with chloroform; the chloroform is removed by 


! The sensitivity of the phosphorus determination was increased 4-fold by heating 
for 10 minutes in a boiling water bath after the addition of the reagents. 
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evaporation and the DNP ethanolamine taken up in petroleum ether and 
returned to an aqueous phase by shaking the petroleum ether solution with 
acid. It is then determined spectrophotometrically at 420 mu. DNP 
serine is then extracted from the acidified reaction mixture with methy] 
isobutyl ketone; it is returned to an aqueous phase by shaking the ketone 
solution with alkali and assayed spectrophotometrically at 420 muy. 

——Procedure—Transfer 8 ml. of the petroleum ether extract to a 15 ml. 
graduated centrifuge tube. Place the centrifuge tube in a beaker of warm 
water and evaporate the petroleum ether to dryness in a stream of air, 
Add 1 ml. of 2 n NaOH, cover the tube with a glass marble, and immerse 
in a boiling water bath. About 30 minutes later, tap the tip of the tube 














TaBLe [ 
Comparison of Direct and Colloidal Ferric Oxide Methods for Extraction of 
Phospholipides 
The concentrations are expressed in millimoles per liter. 
Sample Folch-Van Slyke procedure | Direct extraction procedure 

BPOWPIBRINAL OR 5 sical evan dia heaaed 3.5 3.5 
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vigorously to dislodge any solid particles adhering to the sides. Replace 
the tube in the water bath and continue the heating for a total of 2 hours, 
cool, and add 1 ml. of 2N HCl. Dilute with water to exactly 3 ml., clear 
the turbidity by the addition of a small amount of Hyflo Super-Cel (Johns- 
Manville), and centrifuge. Transfer 2 ml. of the supernatant solution to 
a 15 ml. glass-stoppered centrifuge tube and add 0.1 ml. of DNFB reagent, 
followed by 1 ml. of 2.5 per cent NaHCO ;. Stopper the tube and place 
in a water bath at 75-80° for 1 hour. Cool, add 8 ml. of chloroform (re- 
agent grade), shake for 10 minutes, and centrifuge. The chloroform layer 
now contains the DNP ethanolamine and the aqueous layer the DNP 
serine. 

DNP serine is estimated as follows: Transfer 2 ml. of the aqueous layer 
to a 15 ml. glass-stoppered centrifuge tube containing 1 ml. of 1 Nn HCl. 
Add 10 ml. of methyl isobutyl ketone and shake for 10 minutes. Transfer 
8 ml. of the ketone solution to a 15 ml. glass-stoppered centrifuge tube con- 
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taining 4 ml. of 0.1 Nn NaOH. Shake for 5 minutes and remove the ketone 
phase by aspiration, by means of a finely drawn glass tube. Transfer 3 ml. 
of the aqueous phase to a test-tube, containing 0.5 ml. of 2 Nn HCl, and de- 
termine the optical density at 420 mu. A reagent blank run through the 
entire procedure is used for the zero setting. This should give a reading 
of about 0.025 against distilled water (Beckman spectrophotometer). 

DNP ethanolamine is estimated as follows: Transfer 6 ml. of the chloro- 
form phase (after removal of the supernatant aqueous phase by aspiration) 
to a 40 ml. glass-stoppered centrifuge tube. Immerse the tube in a beaker 
of hot water and evaporate the chloroform almost to dryness under a stream 
of air; then add 10 ml. of petroleum ether and 4 ml. of 5 N HCl and shake 
for 5 minutes. Transfer 3 ml. of the acid phase to a cuvette and read the 
optical density at 420 my.2 A reagent blank run through the entire pro- 
cedure is used for the zero setting and should give a negligible optical 
density reading. 

Standards are prepared by taking a known amount of ethanolamine and 
serine in 1 ml. of water, adding DNFB and NaHCOs, and proceeding as 
described in the procedure for red cells and plasma. The optical densities, 
which are proportional to concentration, were found to coincide with those 
obtained by measurement of aqueous solutions of equivalent amounts 
of DNP ethanolamine and DNP serine. This indicates that ethanolamine 
and serine react stoichiometrically with DNFB. An optical density of 
0.416 and 0.103 is obtained when 20 y of ethanolamine and 20 y of serine, 
respectively, are run through the procedure (Beckman spectrophotometer). 

Recoveries of serine and ethanolamine added to the lipide extracts of 
plasma or red cells prior to the alkaline hydrolysis step are shown in Table 
II. Recoveries of glycerolphosphory! ethanolamine’ not shown in Table II 


_Wwere equally satisfactory. 
\ 


Assay of Specificity 


The specificity of the methods for the estimation of phosphatidyl eth- 
anolamine and phosphatidyl serine was assayed by the Craig counter-cur- 
rent distribution technique (12). The phospholipides were isolated from 
30 ml. of pooled human blood and hydrolyzed, the hydrolysate reacted 
with DNFB, and the resulting DNP derivatives separated as described in 
the analytical method. The apparent DNP ethanolamine was subjected 
to a counter-current distribution involving eight transfers. The distribu- 


2 The sensitivity of the ethanolamine procedure may be increased 4-fold by ex- 
tracting the DNP ethanolamine into 1 ml. of 5 Nn HCl, transferring about 0.3 ml. of 
the acid solution to a micro cuvette, and measuring the optical density in a Beckman 
spectrophotometer adapted for microspectrophotometry. 

3 Crystalline glycerolphosphoryl ethanolamine was kindly supplied by Dr. Ger- 
hard Schmidt. 
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tion was effected in a series of 12 ml. glass-stoppered tubes between equal 
volumes of 5 Nn HCl and benzene. Under these conditions a synthetic 
sample of DNP ethanolamine was distributed almost equally between the 
two phases. After the counter-current distribution, the partition ratio 
of the material in each tube was determined by measuring in each phase 
the absorption in acid at 420 mu. In Table III is shown the total amount 
of apparent DNP ethanolamine in each tube, together with the fraction 
present in the benzene phase. Except in the end tubes, which contained 
only a small percentage of the total material, the ratio of the amount of 


Tase II 
Recoveries of Serine and Ethanolamine 


The compounds were added to a petroleum ether extract of 1 ml. of plasma or 
red cells prior to alkaline hydrolysis. The values were corrected for the amount 
of each substance normally present in the sample. 


| 














Substance added | Material Amount added Recovery 
Y | Y 
Serine Plasma | 0.25 | 0.26 
o " | 0.25 0.27 
ae ee 0.25 | 0.25 
- . | 0.50 | 0.51 
“ | 0.50 | 0.49 
we er | 0.50 0.51 
. Red cells 0.80 | 0.80 
af emary's 0.80 0.88 
- ‘© | 0.80 | 0.79 
Ethanolamine Plasma 0.12 0.11 
si | " | 0.12 0.11 
a | i | 0.12 0.12 
e Red cells | 1.00 3.93 
“ | iad cc | 1.00 0 94 
Y | ND 1.00 1.00 





solute in the benzene phase to the total amount in both phases was con- 
stant, and almost identical with that found for authentic DNP ethanol- 
amine measured at the same time with the same solvents. However, a 
small amount of non-DNP ethanolamine material was present in Tubes 1, 
8, and 9. The theoretical amount of DNP ethanolamine that should be 
present in these tubes was calculated from the measured partition ratio 
of DNP ethanolamine (Table III) by calculation of the binomial expansion 
in the manner described by Williamson and Craig (13). Tubes 1, 8, and 9 
contained a total of 12 per cent of total apparent ethanolamine as the DNP 
derivative. Theoretically, only 5 per cent should have been present in 
these tubes. The non-ethanolamine material in these tubes, therefore, 
was 7 per cent of the total ethanolamine. 
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The apparent DNP serine was subjected to an eight transfer counter- 
current distribution with equal volumes of 0.6 m citrate buffer, pH 4.7, and 
methyl isobutyl ketone. Under these conditions a synthetic sample of 
DNP serine was distributed about equally between the two phases. After 
the counter-current distribution the partition ratio of the material in each 


TaB.te III 


Counter-Current Distribution of Apparent Ethanolamine (As DNP Ethanolamine) 
and Apparent Serine (As DNP Serine) in Phospholipides of Pooled Human Blood 


The phospholipide fraction was extracted, saponified, and reacted with dinitro- 
fluorobenzene, and the resulting DNP ethanolamine and DNP serine separated as 
described in the chemical procedure. The two compounds were each subjected to 
an eight transfer counter-current distribution in glass-stoppered tubes. The sol- 
vents used for DNP ethanolamine were 3 ml. of 5 N HCl and 3 ml. of benzene and 
those for DNP serine were 3 ml. of 0.6 m citrate buffer, pH 4.7, and 3 ml. of methyl 
isobutyl ketone. The partition ratio of the apparent compounds in each tube is 
expressed as the ratio of the amount of solute in the organic phase to the total 
amount in both phases. 























DNP ethanolamine DNP serine 
Tube No. Nl aa [eens 
| Avethinalanine | caine Se As cextaa —_- ketone 
a a as a “Se ar: 

1 16 0.71 | 12 0.84 
2 43 0.56 25 0.79 
3 | 56 0.53 40 0.55 
4 | 76 0.52 60 0.53 
5 | 90 0.52 70 0.51 
6 | 75 0.50 54 0.52 
7 61 0.49 28 0.52 
8 | 32 0.42 14 | 0.45 
9 | 10 0.35 15 | 0.25 

| 

en ee a | ais 





* When pure DNP ethanolamine was distributed between the solvents, the frac- 
tion in the benzene phase was 0.50. 


t+ When pure DNP serine was distributed between the solvents, the fraction in 
the ketone phase was 0.52. 


tube was determined as described above for DNP ethanolamine. The 
material in Tubes 3 to 8 had almost the same partition coefficient as 
synthetic DNP serine (Table III). The non-serine material in Tubes 1, 
2, and 9 was calculated to make up about 10 per cent of the total serine. 

The results of the counter-current distribution indicated that the main 
part of the material in whole blood determined by the analytical procedures 
is phosphatidyl ethanolamine and phosphatidyl] serine. 
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Results 


Phospholipides in Blood of Man and Dog—The total phospholipides 
and the choline-, ethanolamine-, and serine-containing phospholipides were 
determined in the plasma and red blood cells of man and dogs. The sub- 
jects were in the postabsorptive state. The bloods were oxalated, centri- 
fuged immediately after withdrawal, and then analyzed as soon as possible. 
The data in Table IV show that plasma phospholipides consist mainly of 
the. choline-containing type but that measurable amounts of both phospha- 
tidy! ethanolamine and phosphatidyl serine are also present. Phosphatidy] 
ethanolamine constitutes about 3 per cent and phosphatidyl serine about 


TaBLe IV 
Phospholipide Composition of Plasma and Red Blood Cells 
The concentrations are expressed in millimoles per liter. 














P F Choline- 
Sample shorrttide | Ehashaidel | Phospatidy | containing 

OP PIGEMO oc s.0cb ec cha es 3.0 0.05 0.18 2.6 
oe SONNE orca vex ena 4.7 0.08 0.18 4.5 
Human’ plasma. 1.............. 2.1 0.09 0.12 1.8 
x oe Mies ee cncyeseres 3.1 0.15 0.15 3.1 
Mog T6d cells, Wo. ec cs ee acess 4.5 1.04 0.71 3.0 
ES LS aes | (A ae are See 3.2 0.48 0.41 2.4 
Human red cells. J............. 4.3 1.15 0.60 2.8 
“i se WG A cise aeons 4.4 1.12 0.69 2.8 

ae Bsa” OEE OU eas ale sCare sie 3.5 0.74 0.41 2.2 














| 
} 


5 per cent of the total plasma phospholipides. Much larger amounts of 
non-choline-containing phospholipides are present in the red cells, about 23 
per cent phosphatidyl ethanolamine, and about 15 per cent phosphatidy] 
serine. 


DISCUSSION 


A number of investigators have concluded that the phospholipides in 
human and dog plasma are predominantly choline-containing (1, 3) and 
that the non-choline-containing fraction is at most a minor component. 
The direct measurement of the individual phospholipides reported here 
indicates that this is correct, but that phosphatidyl ethanolamine and 
phosphatidyl] serine constitute a measurable proportion of the total plasma 
phospholipides. Red blood cells, on the other hand, contain considerable 
amounts of ethanolamine- and serine-containing phospholipides, about 35 
per cent of the total. In both plasma and red cells, the total of the cho- 


line 
eql 
sO | 
am 
an 
phi 


of 
cell 
son 


IO oF WN 


10. 
ll. 





Vinns 


ut 


; of 
| 23 
idyl 


3 in 
and 
ent. 
nere 
and 
sma 
able 
t 35 
cho- 





J. AXELROD, J. REICHENTHAL, AND B. B. BRODIE 911 


line-, serine-, and ethanolamine-containing phospholipides is approximately 
equivalent to the total phospholipides. It is probable, therefore, that the 
so called cephalin fraction consists almost entirely of phosphatidyl ethanol- 
amine and phosphatidyl serine, although the possibility remains that eth- 
anolamine or serine may also be a component of a sphingosine-containing 
phospholipide. 

The present method has been applied thus far only to the determination 
of phosphatidyl ethanolamine and phosphatidyl serine in plasma and red 
cells. It is probable that this method can also be applied, perhaps with 
some modification, to the estimation of these substances in other tissues. 


SUMMARY 


Sensitive and specific methods for estimation of phosphatidyl ethanol- 
amine and phosphatidyl serine in plasma and red cells have been described. 
The methods involve extraction of the phospholipides, their hydrolysis in 
alkali, and the formation of colored derivatives of ethanolamine and serine 
with dinitrofluorobenzene. These derivatives are separated by their dif- 
ferential solubilities in organic solvents and measured spectrophotometri- 
cally at 420 mu. The specificity of the methods has been assayed by the 
counter-current distribution technique. Results of the application of the 
assay indicate that the major portion of the material in whole blood deter- 
mined by the analytical procedures is phosphatidyl ethanolamine and 
phosphatidyl serine. 

Phosphatidyl ethanolamine and phosphatidyl serine are present in small 
but measurable amounts in the plasma of man and dogs. Red blood cells 
contain considerable amounts of both substances. There is no evidence 
for the presence of any phospholipides other than phosphatidyl ethanol- 
amine and phosphatidyl serine in the cephalin fraction of blood. 
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THE ENZYMATIC OXIDATION OF SULFITE* 


By MURRAY HEIMBERG,t IRWIN FRIDOVICH, ann PHILIP HANDLER 


(From the Department of Biochemistry and Nutrition, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, March 6, 1953) 


It has been suggested that the formation of inorganic sulfate from 
methionine and cysteine by liver preparations proceeds by stepwise oxi- 
dations through cysteinesulfenic and cysteinesulfinic acids (2-4). Chatag- 
ner et al. have demonstrated the presence in rabbit liver of a transaminase 
which catalyzes amino transfer from cysteinesulfinic acid to a-keto- 
glutarate (5). The resulting sulfinopyruvic acid yields SO, and pyruvate, 
but it is not known whether this reaction is spontaneous or enzymatically 
catalyzed. 

Although sulfite is oxidized to sulfate in vivo (6), it had not been demon- 
strated that this process is enzymatic. This report describes the en- 
zymatic formation of inorganic sulfate from sulfite, various carbonyl- 
bisulfite addition compounds (a-hydroxysulfonic acids), and derivatives of 
aminomethanesulfonic acid by preparations obtained from the livers and 
kidneys of various mammals and from several microorganisms. 


Results 


Oxidation of Substituted Aminomethanesulfonic Acids—During an in- 
_vestigation of the sarcosine oxidase of rat liver homogenates, the sulfonic 
acid analogue of sarcosine, N-methylaminomethanesulfonic acid (N- 
methyl-AMSA), was tested as a possibie inhibitor. Instead, however, 
oxygen consumption was increased in proportion to the amount of added 
sulfonic acid, and, in flasks containing no sarcosine, approximately 3 
atoms of oxygen were consumed per molecule of sulfonic acid. 

The products of the oxidation of aminomethanesulfonic acid (AMSA) 
and a series of related compounds by the soluble and insoluble phases of 
rat liver homogenates were then investigated. These results are sum- 


* This work was supported by a grant from the National Institutes of Health, 
United States Public Health Service. 

A preliminary report was presented before the American Society of Biological 
Chemists, New York, April, 1952 (1). 

+ Predoctoral Fellow of the National Institutes of Health. The data in this 
report are taken in part from a dissertation presented to the Graduate Council of 
Duke University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, June, 1952. Present address, Department of Biological Chemistry, 
Washington University School of Medicine, St. Louis, Missouri. 
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marized in Table I and Fig. 1. Both washed residue and supernatant 
fluid oxidized AMSA and its N-methyl, ethyl, isopropyl, n-propyl, and 
n-butyl derivatives as well as hydroxymethanesulfonic acid (HMS). Oxi- 
dation of each substrate yielded inorganic sulfate and formaldehyde which 
was further oxidized to formate by liver supernatant fluid. As reported 
by Bernheim (7) addition of aminoguanidine sulfate permitted oxidation 
of formaldehyde to formate by washed liver residue. AMSA and its 
N-substituted derivatives released ammonia or the corresponding amine 
in the presence of rat liver supernatant fluid. With washed residue an 
additional atom of oxygen was consumed by the further oxidation of 
n-butylamine and n-propylamine but not of their lower homologues in 


TaBLeE [ 


Enzymatic Oxidation of Substituted Methanesulfonic Acids by Preparations 
from Rat Liver 








Liver preparation Substrate | vo sige | per i | SO.* | pie HCHO 
| - “i eS aa aie | a 
Residue | N-Methyl-AMSA | 51 | 0.91 | 4.3 | 2.5 
| N-Ethyl-AMSA | 55 | 0.99 | | 4.4 


l++++ 


| N-n-Butyl-AMSA | 118 | 2.10 | 4.2 

| HMS | 51 | 0.91 | 4.6 | 0 
Supernatant fluid | N-Methyl-AMSA | 112 | 2.00 | 5.5 | 4.7 

| N-n-Butyl-AMSA | 120 | 2.20 | 5.0 | i) 3 

| HMS | 109 | 1.97 | 4.9 : 0 - 





Each vensel contained 5. 0 uM of substrate and 1 0 ml. of liver preparation in § 
final volume of 2.2 ml. of phosphate buffer, pH 7.8. 


2 


accordance with the known specificity of liver amine oxidase (8). HMS 
yielded sulfate and formaldehyde with washed liver residue and sulfate 
and formate with supernatant fluid. 

Oxidation of a-Hydroxysulfonic Acids and of Sulfite—The a-hydroxy- 
sulfonic acids formed by addition of bisulfite to formaldehyde, acetalde- 
hyde, pyruvic, oxalacetic, and a-ketoglutaric acids were all oxidized in 
the presence of washed rat liver residue, although the corresponding car- 
bonyl compounds were not themselves oxidized by this preparation. 1 
mole of COz was produced per mole of oxalacetate or its bisulfite addition 
compound; no decarboxylation of pyruvate, a-ketoglutarate, or of their 
bisulfite addition compounds was observed. The bisulfite addition com- 
pounds formed by n-propionaldehyde, isopropionaldehyde, n-butyralde- 
hyde, and acetone were resistant to oxidation as were cysteic acid, taurine, 
N-methyltaurine, methanesulfonic and bromomethanesulfonic acids, and 
glycine. 
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In control vessels containing no liver it was observed that the bisulfite 
addition compounds of a-ketoglutarate and pyruvate spontaneously autoxi- 
dized more rapidly than did that of oxalacetate, whereas the addition 
compounds prepared from formaldehyde and acetaldehyde were entirely 
stable. This behavior suggested that the autoxidizable compounds dis- 
sociated to the equivalent carbonyl compounds and bisulfite which, as 
shown in Fig. 2, is rapidly autoxidizable. When the various hydroxy- 
sulfonic acids or bisulfite was incubated with heat-inactivated liver residue, 
serum albumin, or ethylenediaminetetraacetate (EDTA), autoxidation was 
almost entirely suppressed, presumably owing to binding of the metal 
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Fic. 1. Oxidation of substituted methanesulfonic acids. A, by supernatant fluid 
from rat liver homogenates. O, N-n-butyl-AMSA; @, N-n-propyl-AMSA; A, 
average curve for AMSA, N-methyl-AMSA, N-ethyl-AMSA, N-isopropyl-AMSA, and 
HMS. _ B, by washed insoluble residue from rat liver homogenates. This is a typi- 


cal curve given by each of the substrates tested with the supernatant fluid. The 
arrows indicate theoretical oxygen uptake. 


ions which catalyze bisulfite autoxidation. When incubated with un- 
heated rat liver residue, however, all of these compounds, including in- 
organic bisulfite, were oxidized. The rates of oxidation of bisulfite and the 
autoxidizable addition compounds in the presence of EDTA and liver 
residue were essentially identical and significantly exceeded that of the 
non-autoxidizable addition compounds corresponding to formaldehyde and 
acetaldehyde or the various aminomethanesulfonic acids. These relations 
are summarized in Fig. 3. 

Inhibitors—Oxidation of HMS and bisulfite by rat liver residue was not 
inhibited by 0.01 m fluoride, azide, cyanide, iodoacetate, hydroxylamine, 
semicarbazide, phenylhydrazine, phenylthiourea, phenyldithiodicarbamate, 
or dinitrophenol. These findings have been interpreted as indications 
that heme, copper, sulfhydryl, or carbonyl groups are not essential to the 
activity of this system. 
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Stability of Sulfite Oxidase—The enzyme system (or systems) respon- 
sible for the oxidation of bisulfite and the various substituted methane- 
sulfonic acids is unusually stable. Little or no loss of activity has been 
observed under the following conditions: storage at —18° of fresh frozen 
rat liver for 4 months, storage of washed rat liver residue at 0-3° for 1 
week, dialysis of rat liver residue against water or 0.02 m phosphate, pH 
7.4, for 1 week, storage at 0-3° for several days in the range pH 5.5 to 
10.5, heating to 58° for 3 minutes. The enzyme is destroyed by exposure 
to temperatures above 60° for several minutes. 
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Fig. 2. Oxidation of pyruvate-bisulfite (A) and inorganic bisulfite (B) by rat liver 
residue (@) and autoxidation in the presence of buffer (O) or boiled liver residue 
(A). Each vessel contained 10 um of pyruvate-bisulfite or 20 um of bisulfite in a 
final volume of 2.2 ml. in 0.05 m phosphate buffer, pH 7.8. The arrows indicate 
theoretical oxygen uptake. The autoxidation of ketoglutarate-bisulfite was some- 
what faster than that of pyruvate-bisulfite, while that of oxalacetate-bisulfite was 
appreciably slower. 


Preliminary Purification of Sulfite Oxidase—An extract of rat liver ace- 
tone powder was used as starting material and was fractionated by heat- 
ing and ammonium sulfate precipitations. The most active fraction thus 
far obtained exhibits 4 times the specific activity of the crude extract 
(Table II). Specific activity has been defined as microliters of oxygen 
uptake per minute per mg. of protein nitrogen, determined manometri- 
cally in air at 37.5°. The initial slope of the curve obtained by plotting 
oxygen uptake against time was used in calculating specific activities. 

Properties of Sulfite Oxidase—The most purified preparation (Fraction 
IV) was a clear, pale yellow solution which did not oxidize xanthine or 
pL-alanine. The optimal pH of Fraction IV for sulfite oxidation was 9.3, 
whereas oxidation of HMS was most rapid at pH 8.3 (Fig. 4). With 
bisulfite as substrate the theoretical oxygen uptake was observed. With 
HMS, oxygen uptake commenced rapidly but soon subsided and stopped 
at approximately 25 per cent of the theoretical uptake. That this is due 
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to poisoning of the enzyme by the formaldehyde released during the oxi- 
dation of HMS was shown as follows: Further addition of 20 um of sub- 
strate after oxygen uptake had ceased (about 30 minutes) failed to elicit 
additional oxygen uptake. Addition of 10 um of formaldehyde to the 
flask prior to addition of the enzyme prevented any oxygen uptake upon 
substrate addition. Formaldehyde-binding agents such as hydroxylamine 




















140 
1307 
120 T 
Non ° 
100 + 
90 + 
z 80 1 
ro 
> 70 ' 
3 
-; SOF FORMALDEHYDE 
= 504 4 BISULFITE 
o NoHSO3 
407 a PYRUVATE 
30 4 ® BISULFITE 
9 KETOGLUTARATE 
204 BISULFITE 
e@ OXALACETATE 
lon IN BUFFER BISULFITE 
(e) —) ——— - SSS 








10 20 30 40 50 60 
TIME 


Fic. 3. Oxidation of bisulfite and some carbonyl-bisulfite addition compounds by 
rat liver residue in the presence of EDTA. O represents the autoxidation of bisul- 
fite under these conditions. Each flask contained 10 um of substrate and 1 ml. of 
enzyme preparation in a total volume of 2.2 ml. of 0.05 m phosphate buffer contain- 
ing 0.2 mg. of EDTA. The arrow indicates theoretical oxygen uptake. 


or inert protein (human serum albumin) prevented poisoning of the en- 
zyme and permitted almost theoretical oxygen consumption. Hydroxyl- 
amine inhibited the enzymatic activity of Fraction IV towards bisulfite, 
although it had no inhibitory action with rat liver residue. This is prob- 
ably due to binding of the hydroxylamine by the inert proteins and per- 
haps carbonyl compounds present in the rat liver residue, since inert 
protein (human serum albumin) greatly decreased the inhibitory action of 
hydroxylamine towards Fraction IV. 

Substrate Specificity of Fraction IV—This fraction catalyzed the oxida- 
tion of each of the compounds earlier noted to be oxidized by washed liver 











918 SULFITE OXIDATION 


residue. In addition, metabisulfite (S.0;-) was oxidized with an oxygen 
uptake of 2 atoms of oxygen per molecule of metabisulfite. Cysteine- 
sulfinic acid was also oxidized but it is not clear whether the same enzyme 





TaBLe II 
Purification of Liver Sulfite Oxidase 
Fraction No. Specific activity* | Total units | Recovery 
r | e ae per cent 
I 1.15 | 462 | 

II 1.84 | 338 73 

III 2.57 | 360 | 78 

IV 4.60 | 141 | 31 





* Microliters of O2 uptake per minute per mg. of protein N. 
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Fig. 4. Oxidation of bisulfite (O) and of hydroxymethanesulfonic acid (formalde- 
hyde-bisulfite) (A) by Fraction IV and autoxidation of sulfite (gj) as a function of 
pH. Each flask contained 5 um of substrate and 1.0 ml. of Fraction IV in 2.2 ml. of 


buffer containing 2 mg. of EDTA. The buffers used were 0.05 M acetate, phosphate, 
and borate. 


systems were involved. Thiosulfate (S.0;-) and dithionate (S.O.~) were 
not oxidized. 

Catalytic Reduction of Methylene Blue—In view of the evidence that the 
sulfite oxidase is not a copper- or hemoprotein and has no readily dialyz- 
able component, it appeared of interest to determine whether this system 
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would catalyze the reduction of methylene blue. As shown in Fig. 5, 
in the absence of enzyme, bisulfite but not HMS slowly reduced methylene 
blue anaerobically. Fraction IV markedly accelerated decolorization of 
methylene blue by bisulfite but, with HMS as substrate, decolorization 
did not occur for 10 to 20 minutes when it commenced abruptly and the 
rate attained was about 50 per cent of that with bisulfite. 
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Fig. 5. Enzymatic anaerobic reduction of methylene blue by bisulfite and HMS 
Kach Thunberg tube contained 0.1 um of methylene blue, 40 um of substrate, and, 
when present, 1.0 ml. of Fraction IV in a final volume of 5 ml. of 0.05 m phosphate 
buffer, pH 7.8. 


The lag time in the enzymatic reduction of methylene blue by HMS 
suggested that two enzymatic steps were involved: preliminary cleavage 
of HMS to formaldehyde and bisulfite and enzymatic reduction of methyl- 
ene blue by the latter. This possibility was tested by anaerobically pre- 
incubating HMS with Fraction IV for 30 minutes and then adding methyl- 
ene blue. As shown in Fig. 5, this procedure abolished the lag time. 
Essentially similar data were obtained with AMSA, N-methyl-, and 
N-butyl-AMSA. 
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That HMS oxidation requires some enzyme in addition to the sulfite 
oxidase was also shown as follows: Fraction IV was brought to pH 5.3 
for 10 minutes, the precipitate was removed, and the supernatant fluid 
restored to pH 7.8. The supernatant fluid exhibited no loss of activity 
towards sulfite during this procedure, while the rate of HMS oxidation 
was reduced about 50 per cent. 

Catalysis of Bisulfite Oxidation by Methylene Blue—The slow reduction of 
methylene blue by bisulfite, observed in the absence of enzyme, suggested 
that this compound might catalyze the aerobic oxidation of bisulfite in 
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Fig. 6. Catalysis of bisulfite oxidation by methylene blue. Each flask contained 
10 um of bisulfite and 0.2 mg. of EDTA in final volume of 2.2 ml. of 0.05 m phosphate 
buffer, pH 7.8. The methylene blue content per flask is shown in the diagram. 


the presence of EDTA. This proved to be the case; the rate of O» con- 
sumption increased as the methylene blue concentration increased up to 
0.1 um per flask. Without explanation is the finding that methylene blue 
concentrations greater than this were inhibitory as shown in Fig. 6. 

Effect of Enzyme Concentration on Oxygen Consumption—Another sur- 
prising aspect of this enzyme system is the nature of the curves obtained 
when bisulfite or HMS is oxidized in the presence of lesser amounts of 
Fraction IV. These are illustrated in Fig. 7 and are not presently under- 
stood. Adequate explanation awaits purification of the responsible en- 
zyme and understanding of its mode of action. 

Distribution of Enzymes—Systematic studies of the biological distribu- 
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tion of these enzymes have not yet been performed. Oxidation of bi- 
sulfite is catalyzed by both supernatant fluid and washed residues of 
homogenates of rat liver and kidneys and liver homogenates from pigs, 
mice, hamsters, and guinea pigs. HMS and N-methyl-AMSA were not 
oxidized by preparations of rat heart, spleen, brain, or skeletal muscle. 
Of all preparations tested only the supernatant fluids from liver homo- 
genates have oxidized formaldehyde. HMS is oxidized by Escherichia 
coli and Aerobacter aerogenes but not Staphylococcus albus or Saccharomyces 
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Fic. 7. Effect of enzyme concentration on oxidation of bisulfite. Each vessel 
contained 5 um of bisulfite in 2.2 ml. of 0.05 m phosphate buffer, pH 7.8, and 0.2 mg. 
of EDTA. The flask content of Fraction IV is shown on the corresponding curve. 





cerevisiae. This represents oxidation of the bisulfite moiety rather than 
of the formaldehyde, since A. aerogenes and S. albus catalyzed formalde- 
hyde oxidation while EZ. coli and S. cerevisiae did not. These studies were 
performed before the possibility that HMS oxidation may require two or 
more enzymes was recognized and thus need not necessarily reflect the 
distribution of the bisulfite oxidase itself. 

As a result of the observations of the oxidation of the carbonyl] bisulfites, 
it was thought of interest to determine whether bisulfite could replace the 
requirement for arsenate or phosphate in the oxidation of 3-phospho- 
glyceraldehyde by crystalline triosephosphate dehydrogenase. However, 
oxidation of 3-phosphoglyceraldehyde did not occur when bisulfite was 
employed in place of phosphate or arsenate. 
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EXPERIMENTAL 
Methods and Materials 


Fresh tissues were washed with ice-cold 0.05 m potassium phosphate 
buffer, pH 7.8, weighed, and homogenized with a plastic Potter-Elvehjem 
blendor. 2 ml. of buffer per gm. of tissue, wet weight, were employed. 
The homogenate was then strained through several layers of muslin. 
Heart and skeletal muscle was ground with buffer and sand in an ice- 
cold mortar, and then strained through muslin. The homogenates were 
centrifuged at 2000 X g and 0-5° for 15 minutes. The residues were 
washed twice with phosphate buffer, resuspended in the original volume of 
buffer, and rehomogenized. Oxidation was observed manometrically in 
the Warburg apparatus at 37.5°. Autoxidation of bisulfite was followed 
by placing solid NaHSO; in the side arm to prevent reaction during the 
equilibration period. In all later experiments, when autoxidation was 
undesirable, the buffer solution was made with demineralized water con- 
taining 0.01 per cent of tetrasodium EDTA. 

Formaldehyde was quantitatively determined by the method of Mac- 
Fadyen (9). Recrystallized formaldehyde-bisulfite was employed as the 
analytical standard. Qualitative tests for formate were performed by 
this method after reduction with magnesium and HCl. Inorganic sulfate 
was determined by a modification of the benzidine method (10), after 
precipitation of protein and inorganic phosphate with uranium acetate. 
Sulfite was determined by iodometric titration, or manometrically, under 
conditions suitable for autoxidation to sulfate. Ammonia and volatile 
amines were measured by the micro diffusion method of Conway (11). 


Synthesis of Substituted Methanesulfonic Acids 


Formaldehyde-bisulfite was prepared and recrystallized several times 
from dilute ethanol. The bisulfite addition products of pyruvate, oxalace- 
tate, and a-ketoglutarate were not isolated as the crystalline material. 
Rather, equimolar amounts of the neutralized carbonyl compound and 
NaHSO; were allowed to stand in solution. Aliquots were removed as 
required. The bisulfite addition products of acetaldehyde, n-propion- 
aldehyde, n-butyraldehyde, and acetone were prepared from NaHSO; and 
excess carbonyl compound and recrystallized from dilute ethanol. 

Aminomethanesulfonic acid was prepared by the method of Raschig 
and Prahl (12) in which HMS is shaken with aqueous ammonia at room 
temperature for 1 hour; the solution is then chilled and brought to pH 
4.0 with 10 n H,SO,. The precipitate is collected, washed with ethanol, 
and recrystallized from water. The various N-alkylated derivatives were 
prepared by suitable modifications of this procedure. The only note- 


wo 
be 
dr 
Ta 


So wes © 


— FO Cc — 





VIIM 


nes 
ce- 
ial. 
ind 


on- 
ind 


hig 
om 
pH 
ol, 
ere 
te- 





M. HEIMBERG, I. FRIDOVICH, AND P. HANDLER 923 


worthy exceptions were N-ethyl- and N-methyl-AMSA which could only 
be obtained after removal of the excess amine with Dowex 50 in the hy- 
drogen form. Some properties of these derivatives are summarized in 
Table ITT. 

pL-Glyceraldehyde-3-phosphate, as the 1-bromide-3-phosphoric acid 
(dimer) dioxane addition compound, was generously donated by Dr. 
Erich Baer. This compound was dissolved in ice-cold water and dilute 
alkali was added to bring the pH to 7.0 immediately before use. Crystal- 
line triosephosphate dehydrogenase was prepared by Dr. R. G. Parrish 
by the procedure of Cori, Slein, and Cori (13). Activity of the enzyme 
was assayed spectrophotometrically, and the increased absorption at 340 
mu due to the reduction of DPN was measured. A Beckman model DU 
photoelectric quartz spectrophotometer was employed. Cysteinesulfinic 


TaBLe III 
N-Alkyl Derivatives of Aminomethanesulfonic Acid 


waitties Structure | pen. N found uncorrected | Recrystallizing solvent 
per cab | per cent | ; "C. i 

Methyl C.H;NO;3S 11.19 | 11.05 | 167-168 | H,0-ethanol 

Ethyl »3HyNO38 10.05 9.85 | 151-152 | 95% ethanol 

Isopropyl C,HuNO;S 9.15 8.90 | 170-173 H.O 

n-Propy] 4 9.15 9.00 | 145-147 Absolute ethanol 


n-Butyl C;Hi3NO;S 8.39 8.30 | 136-139 ns * 


acid was prepared by Mrs. Florapearl Cobey as described by Toennies and 
Lavine (14, 15). Cysteic acid was kindly provided by Dr. James Andrews. 
The inorganic sulfur compounds tested were commercial preparations, 
as were methanesulfonic acid, taurine, and N-methyltaurine. 

Cultures of H. coli, A. aerogenes, and S. albus were obtained from the 
Department of Bacteriology, Duke University School of Medicine. 8S. 
cerevisiae Y-567 was obtained from the culture collection, Northern Re- 
gional Research Laboratory, United States Department of Agriculture, 
Peoria, Illinois. 

Purification Procedure—All manipulations were performed in the cold 
(0-5°). Rat liver acetone powder was extracted with 10 volumes of 0.05 
M phosphate buffer, pH 7.8, for 30 minutes with constant stirring. The 
suspension was centrifuged at 2000 X g for 20 minutes, the residue re- 
extracted with 5 volumes of fresh buffer, and the extracts pooled and 
designated Fraction I. Fraction I was rapidly heated, with continuous 
stirring, to 58° and then cooled in an ice bath. The precipitate formed 
during heating was removed by centrifugation and the supernatant solu- 
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tion designated Fraction II. The pH was then adjusted to 5.5 by drop- 
wise addition of 0.1 N HCl with continuous stirring, followed by centrifuga- 
tion and readjustment of the pH of the supernatant solution to 7.8 with 
dilute KOH. This was designated Fraction III and was brought to 0.5 
saturation with respect to ammonium sulfate by the slow addition of an 
equal volume of a saturated solution. The precipitate which formed was 
collected by centrifugation, dissolved in a minimal volume of phosphate 
buffer, and exhaustively dialyzed against changes of buffer. The resultant 
solution was termed Fraction IV and was frozen and stored. 

Enzyme activity was determined manometrically with the Warburg 
micro respirometer. Each flask contained 1 ml. of enzyme solution, usu- 
ally 20 um of substrate, and sufficient buffer to bring the final volume to 
2ml. 0.2 ml. of 20 per cent KOH was placed in the center well. Protein 
nitrogen was determined by a micro-Kjeldahl procedure (11). 

Decolorization of methylene blue was observed in Thunberg tubes. 
Each tube contained 1 ml. of Fraction IV, 0.1 um of methylene blue, and 
40 um of substrate. The final volume was made up to 5.0 ml. with phos- 
phate buffer. The tubes were alternately evacuated and flushed with 
moistened tank nitrogen three times and incubated at room temperature 
after mixing. Reduction of methylene blue was followed in a Coleman 
junior spectrophotometer at 650 mu. 


DISCUSSION 


These data appear to establish the existence in mammalian liver and 
kidney of an enzyme capable of catalyzing the oxidation of sulfite to 
sulfate. From the studies of Chatagner et al. (5), there is little doubt that 
the metabolism of cysteinesulfinic acid leads to production of SO» which, 
on hydration at the pH of body fluids, results in a mixture of sulfite and 
bisulfite ions. While readily autoxidizable in the presence of traces of 
polyvalent metal ions, autoxidation of these anions is not to be expected 
in biological systems, since, as shown by the behavior of heat-inactivated 
liver and of serum albumin, proteins completely inhibit this autoxidation, 
perhaps by virtue of their ion-binding capacity. Thus, the formation of 
sulfate from the sulfur-containing amino acids requires enzymatic catalysis 
of this last oxidative step. 

The presently known properties of this enzyme are unusual, and under- 
standing of its mode of action awaits further purification. Studies with 
the usual inhibitors indicate that it is not a copper- or hemoprotein nor 
has it a component readily removable by dialysis. Like the dehydro- 
genases, it catalyzes reduction of methylene blue by its substrate. But at 
the optimal pH of the enzyme, 9.3, its substrate may be presumed to be 
the sulfite ion, since at this pH the second dissociation of sulfurous acid is 
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complete (pK. = 7.2) and dehydrogenation of the few bisulfite ions which 
may exist at this pH seems unlikely. In any case, the enzymatic oxidation 
is in contrast to autoxidation which is most rapid at pH 6 and negligible 
at the optimal pH for the enzymatic process (Fig. 4). Fraction IV, al- 
though unable to oxidize xanthine or p-alanine, is highly colored and 
after acid hydrolysis yields riboflavin which was identified by paper 
chromatography. Because of the relatively crude state of this prepara- 
tion, no significance may yet be attached to this observation. 

The collected evidence strongly suggests that oxidation of the various 
a-hydroxy- and a-aminosulfonic acids by liver preparations is not directly 
catalyzed by the sulfite oxidase itself, and that preliminary enzymatic 
cleavage to the corresponding carbonyl compounds and bisulfite is re- 
quired. This evidence may be summarized as follows: The optimal pH 
for sulfite oxidation differs from that for HMS oxidation. The enzymatic 
oxidations of sulfite and the autoxidizable a-hydroxysulfonic acids proceed 
at equal rates which exceed those of the stable a-hydroxy- and a-amino- 
sulfonic acids all of which, in turn, are also oxidized at essentially the 
same rate. Enzymatic reduction of methylene blue commences im- 
mediately in the presence of sulfite but only after a significant lag time 
in the presence of a-hydroxy- or a-aminosulfonic acids. This lag time is 
abolished by preincubation of substrate and enzyme. The abrupt manner 
in which reduction occurs after the lag period is, however, surprising, 
since a sigmoidal curve would have been expected. Removal from Frac- 
tion IV of protein insoluble at pH 5.3 is without effect on sulfite oxidation 
yet decreases that of HMS by almost 50 per cent. 

If such a desmolytic enzyme exists, its normal metabolic substrate is 
unknown. Conceivably, bisulfite arising from the metabolism of cysteine 
might condense with the many carbonyl compounds now recognized in 
intermediary metabolism and this enzyme may be required for the further 
metabolism of the addition compounds. The metabolic origin and nature 
of other a-hydroxysulfonic acids are presently unknown. Further study 
is also required to establish whether the same enzyme is also responsible 
for scission of the a-aminosulfonic acids. 


SUMMARY 


Evidence is presented indicating the existence in the liver and kidney 
of various mammals and in several bacteria of an enzyme which catalyzes 
the oxidation of sulfite to sulfate. The properties and preliminary purifi- 
cation of this enzyme are described and its metabolic significance dis- 
cussed. Oxidation by rat liver of a series of a-hydroxy-, a-amino-, and 
N-substituted a-aminosulfonie acids is reported, together with evidence 
suggesting the presence of an enzyme which catalyzes the scission of these 
compounds to bisulfite and the corresponding carbonyl compounds. 
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As part of a study of the quantitative histochemistry of the central ner- 
vous system (1), a micromethod for the determination of purine nucleoside 
phosphorylase was needed. In order to obtain relatively homogeneous 
samples in an architecturally complex organ such as the brain very small 
bits of tissue must be analyzed. The method had, therefore, to be suffi- 
ciently sensitive for measurement of enzymatic activity in 10 y of brain, 
wet weight, or less. The work of Kalckar (2, 3) and the data of Schneider 
and Hogeboom (4), on the differential spectrophotometric determination 
of purine nucleoside phosphorylase activity in liver, and the data of Klein 
(5), indicating that the activity of this enzyme was appreciable in brain, 
suggested that this enzyme might be determined in very small amounts of 
brain. The micromethod described here permits measuring purine nucleo- 
side phosphorylase activity in tissue samples 3000-fold smaller than those 
previously utilized (4). 

During the development of this method, additional data concerning this 
enzyme in brain were obtained. It was shown that the enzyme is a 
phosphorylase and not a hydrolase. By use of a partially purified en- 
zyme preparation from brain, a synthesis of hypoxanthine desoxyriboside 
from hypoxanthine and DR-1-P was effected.!. The quantitative distri- 
bution of the enzyme in the molecular and granular layers of the cerebellar 
cortex and in the subjacent white matter was determined. 


EXPERIMENTAL 


Principle of Method—The differential spectrophotometric method of 
Kalckar (2, 3) for the determination of purine nucleoside phosphorylase 
activity was the basis of the procedure adopted. Inosine is split to hypo- 
xanthine and ribose-1-phosphate by purine nucleoside phosphorylase. In 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 
A preliminary report of these studies has appeared (Federation Proc., 12, 260 (1953)). 

1 The following abbreviations are used throughout: DR-1-P, desoxyribose-1-phos- 
phate; Tris, tris(hydroxymethyl)aminomethane-hydrochloric acid buffer. 
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the presence of an excess of xanthine oxidase, the free hypoxanthine is 
quantitatively oxidized to uric acid, which is then determined spectrophoto- 
metrically. 

Kalckar (2) followed the course of the enzymatic action by re- 
peated measurements in the spectrophotometer, without stopping the re- 
action. The method of Kalckar was modified in the present procedure by 
incubating the reaction mixture at 38° and stopping the reaction after 30 
minutes with perchloric acid. The reaction mixture was then centrifuged 
and the uric acid measured in the protein-free supernatant fluid. This 
modification has a number of advantages. A larger number of samples 
could be incubated at a constant and more optimal temperature, and the 
problems of turbidity and specific absorption by proteins (from the tissue 
and from the added xanthine oxidase) were eliminated. The method was 
also modified by greatly reducing the volumes of all constituents. The 
details of manipulating these small volumes (and weights) will be described 
elsewhere.” 

Analytical Method—The substrate solution for the determination of en- 
zymatic activity is prepared just prior to use by mixing 150 ul. of 10 mm 
inosine, 150 yl. of 0.1 Mm sodium phosphate buffer (pH 7.35), and 2.6 to 3.0 
ul. of xanthine oxidase (prepared according to Horecker and Heppel (6), 
through the ammonium sulfate step). The frozen-dried sample (or 3 ul. 
of homogenate), representing 3 to 30 y of wet brain® (0.6 to 6 y 
of dry brain), is transferred to a pointed tube of 2.5 mm. internal diameter, 
which is placed in a tray of ice water. To the sample, 10 ul. of ice-cold 
substrate solution are added. All tubes are mixed without warming, 
capped with Parafilm, and placed in a water bath at 38°. After exactly 
30 minutes, they are removed, again placed in ice water, and 50 ul. of 0.37 
N perchloric acid are added to each of the tubes in the same order in which 
the reagent was originally added. The tubes are centrifuged at 3000 r.p.m. 
for 15 minutes, and the supernatant fluid is read at \ = 292.5 mu. The 
absorption peak for uric acid in 0.3 N perchloric acid is actually at \ = 285 
to 286 my, but at this wave-length the blank becomes appreciable. The 
molar extinction coefficient of uric acid at \ = 292.5 my in 0.3 N perchloric 
acid is 10,270.4 Standards are provided by incubating extra tubes with 


2 Lowry, O. H., et al., unpublished data. 

3 The activity in larger amounts of brain may be determined by increasing all 
constituents and volumes proportionately. A smaller relative volume of more con- 
centrated perchloric acid may be added to these larger amounts in order to prevent 
the final volume from becoming too great. 

4 If desired, approximately a 35 per cent increase in sensitivity may be obtained by 
adding a small volume of concentrated sodium hydroxide to the perchloric acid 
supernatant fluid to a final concentration of 0.1 N in sodium hydroxide and reading 
at \ = 295 mz. This will approximately double the blank readings. 
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3 ul. of 1 mM uric acid. With a 30 minute incubation the standard is thus 
equivalent to a splitting of 6 X 10-° mole of inosine per hour. Blanks for 
standards and homogenates are provided by tubes with 3 ul. of water. 
Blanks for frozen-dried material are provided by empty tubes in which the 
substrate solution is placed. 

The inosine, phosphate buffer, and partially purified xanthine oxidase 
were preserved frozen (separately); they will keep at least 5 months. 

The partially purified xanthine oxidase in the absence of brain did not 
split inosine. In the absence of inosine, in fourteen experiments, there was 
a negligible change in optical density at X = 292.5 my when xanthine oxi- 
dase and brain were incubated together. There were no appreciable differ- 
ences between water blanks, boiled brain blanks, and blanks in which brain 
was added after perchloric acid. 

Since uric acid is measured in this determination, the presence of appreci- 
able uricase activity in brain would invalidate the results. However, under 
the conditions of this determination, there was no uricase activity 
detectable in brain, since, with or without 0.02 mM KCN during the enzyma- 
tic incubation (4), the optical density at \ = 292.5 mu was the same. For 
this reason KCN was not included in the final assay system. 

Effect of pH—The pH optimum (Fig. 1) was found to be 7.2 to 7.4 in 
phosphate buffer and in a succinate-phosphate-Tris buffer (used to cover 
a wide pH range). There was a rapid fall in activity below pH 6.5 and 
above pH 7.5. 

Effect of Inosine and of Phosphate Concentrations—aA final inosine concen- 
tration in the substrate solution of 5 mm was chosen. Although about 7 
per cent greater activity could be obtained with 10 mm (Fig. 2, Curve A), 
the blank became appreciable. A final phosphate concentration of 0.03 to 
0.075 m was optimal (Fig. 2, Curve B). 

Enzymatic Activity with Time—Compared to the 10 minute value (Fig. 
3), the amount of inosine split remained linear with time for at least 2 
hours. 

Effect of Brain Concentration and of Amount of Xanthine Oxidase—The 
range over which a linear relationship between the amount of brain present 
and the amount of inosine split obtained depended on the amount of xan- 
thine oxidase present (Fig. 4). When the larger amount (2.66 ul.) of xan- 
thine oxidase was used (Fig. 4, Curve A), the relationship between the 
amount of inosine split and the concentration of brain was linear at least 
to 2.5 mg. of fresh brain per ml. and showed only a 7 per cent fall at 4.3 mg. 
per ml. For every new preparation of xanthine oxidase in the assay, the 
optimal amount of xanthine oxidase to use should be determined experi- 
mentally, as in Fig. 4. 

Effect of Temperature—The method involves initial and final exposure of 
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Fic. 1. Relation of enzymatic activity to pH. A succinate-phosphate-Tris buffer 
(0.05 m in each) was used in order to cover a wide pH range. Phosphate buffer gave 
a quite similar curve between pH 6.1 and 7.6. The incubation mixture is described 
in the text under ‘Analytical method.’’ 

Fig. 2. Variation of enzymatic activity with concentration of inosine (Curve A) 
and of phosphate buffer (Curve B). The incubation mixture is described in the text 
under ‘Analytical method,” except that at phosphate concentrations below 8 mm 
per liter 0.05 m Tris was used as buffer. It was shown that Tris did not inhibit the 
enzymatic activity. 
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Fig. 3. Relation of enzymatic activity to time. The incubation mixture is de- 
scribed in the text under ‘Analytical method.” 

Fia. 4. Relation of enzymatic activity to brain concentration and xanthine oxi- 
dase concentration. The incubation mixture is described in the text under ‘‘Analyti- 
cal method.”’ Curve A, 2.66 ul. of xanthine oxidase per 300 ul. of complete incuba- 
tion mixture; Curve B, 1.29 ul. of xanthine oxidase per 300 ul. of complete incubation 
mixture. 
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the enzyme to the substrate in an ice bath, which is not counted in the incu- 
bation time. The activity in the ice bath at 2° was 11 per cent of that at 
38°. To keep the activity in the ice bath to less than 5 per cent of that at 
38° for 30 minutes, the permissible exposure in the ice bath would be about 
15 minutes. Between 21-38° the enzymatic activity changes 3.7 per cent 
per degree. To maintain an accuracy within 3 per cent, the incubation 
temperature must not vary more than 1°. 

Partial Purification of Enzyme and Recovery Experiments with Purified 
Enzyme—The purine nucleoside phosphorylase from monkey brain was 
purified (Table I) by a procedure modified slightly from that of Kalekar 
(7), carried out at 4°. A 1:5 water homogenate (Waring blendor) was 


TaBLeE [ 
Purification of Purine Nucleoside Phosphorylase from Monkey Brain 


| 


Fraction® | Ammonium (Inosine split by Protein in = “t 
oes sulfate | total fraction | total fraction (a) “ 
(a) | () (6) 
M uM perhr. | meg. 

HOMOGE AUC. 0:05 6.0055 54 ee 0 2256 | 1020 2.2 
Bie cr re ee Nae oo Shira wai 0 638 838 0.8 
Ea BR ee a 0 1508 127 11.8 
RTE So 1.6 202 86t 2.3 
er re erent re ee 1.6 1045 41 25.5 
PO gris cca acres bey nears tolotarccusyaoeeia nortan 2.4 93 | 28 3.3 
Pes Gate eC eee eee 2.4 784 | 15 52.5 


| | 
| 


* For explanation of symbols in this column and for procedure, see the text. 
t Micromoles of inosine split per mg. of protein in 1 hour. 
t Calculated. 


centrifuged at 19,000 * g (Servall) for 30 minutes. The precipitate (P,) 
was discarded, and to the supernatant fluid (S;) was added solid ammonium 
sulfate (1.6 m final concentration) with sufficient NH,OH to give a pH of 
7. The precipitate (P2) was discarded. To the supernatant fluid (S2) was 
added solid ammonium sulfate (2.4 mM) with sufficient NH,OH to give pH 
7. The supernatant fluid (S3) was discarded. This precipitate (P;) when 
redissolved in water gave an almost clear, light yellow solution and was the 
partially purified preparation used. It represented a 24-fold purification, 
based on protein. Protein was determined here and in the quantitative 
histochemical studies by use of the Folin phenol reagent (8). Purine nu- 
cleoside phosphorylase of brain is a highly soluble enzyme; 70 per cent of 
the activity appeared in the supernatant fluid of the first centrifugation. 
This high degree of solubility is also true of the enzyme from liver (7, 4). 

Recovery experiments in which the purified enzyme was added to crude 
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brain homogenate (Table IT) revealed no significant inhibition or stimula- 
tion of the activity by the crude homogenate. 

Reproducibility—The reproducibility of the procedure was excellent. 
Twelve samples (26.6 y each) from a single brain homogenate split an aver- 
age of 0.222 mole of inosine per kilo of brain, wet weight, in 1 hour. The 
range of values was 0.217 to 0.228 moles and the standard deviation was 
+0.0029. The coefficient of variation was only 1.3 per cent. 

Effect of Freezing, Drying, and Storage—The enzyme withstood freezing 
and drying. In fact, freezing caused an apparent 5 per cent activation, 
and freezing and drying an additional 4 per cent activation (total, 9 per 
cent). The enzyme was quite stable to prolonged storage (Table IIT) and 
has been kept at —30° for 75 days without deterioration in activity. The 


TaBLeE IT 
Recovery Experiments with Partially Purified Brain Purine Nucleoside Phosphorylase 
The incubation mixture is that described in the text under ‘‘Analytical method,” 
except that an incubation volume of 300 wl. was used (with corresponding increases 


in the amounts of all constituents) and 200 ul. of 0.75 N perchloric acid were added to 
stop the reaction. 








Amount of | Observed splitting | Calculated splitting 





| | 
Amount of brain | purified enzyme of inosine | of inosine | Per cent recovery 
vy wet weight | 7 protein Z muM aut ie. ge mee . —< 
89.4 0 | 20.0 | 
0 | 0.24 | 10.1 | | 
s4 | 02 | 307 30.1 106 
0 0.72 31.3 


Maio je «| ome ee 


frozen-dried brain was kept at room temperature for 24 hours without loss 
of activity. This is ample time in which to perform the dissections neces- 
sary for quantitative histochemical studies. 

Proof of Phosphorylase Activity—The brain enzyme, even when undia- 
lyzed, required added phosphate for full activity (Fig. 2). In undialyzed 
brain homogenate, 0.0001 m phosphate increased the activity 32 per cent 
and 0.001 m phosphate 245 per cent. Arsenate (0.05 mM) activated the en- 
zyme, but only 68 per cent as much as an equal concentration of phosphate. 
As shown by Lampen and Wang (9), activation by phosphate does not 
necessarily indicate a phosphorolytic mechanism of splitting. When hypo- 
xanthine and DR-1-P® were incubated with the partially purified enzyme, 
for every mole of hypoxanthine which disappeared 1 mole of inorganic 
phosphate appeared (Table IV). Furthermore, as shown in Table V, when 


5 Generously supplied by Dr. Morris Friedkin. 
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inosine was split by whole brain homogenate, for every mole of hy- 
poxanthine that appeared 1 mole of inorganic phosphate was esterified. 
It is of interest that in the presence of whole brain homogenate this esteri- 














TaBie III 
Storage Experiments on Brain Purine Nucleoside Phosphorylase 
| | Per cent of non-stored 
Homogenate sample | Length of storage Temperature of storage activity of frozen- 
| | dried homogenate 
Bie ive days *C. | aa eae 
Fresh | 0 | 91 
ne 5 25 91 
«“ 1 25 | 76 
vb 1 4 92 
Frozen 1 —30 96 
Frozen-dried 0 | 100* 
« 1 25 | 100 
he 1 —30 101 
« 18 —30 112 
. | 36 | —30 103 
ie 75 | —30 | 101 





* The activity of a fresh brain homogenate dried at —30° at 0.001 mm. pressure 
overnight was taken as 100 per cent, and all other activities were related to this. 


TaBLe IV 
Synthesis of Hypoxanthine Desoxyriboside by Partially Purified Brain 
Purine Nucleoside Phosphorylase 
The complete incubation mixture contained 0.445 um of hypoxanthine and 0.936 
uM of DR-1-P in 150 ul. of 0.067 m Tris buffer, pH 7.4. A blank was run without 
hypoxanthine. The enzyme was 1 ul. of the partially purified phosphorylase from 
brain. Incubated at 38°. At the time indicated, an aliquot was removed and in- 
organic phosphate was precipitated with magnesia mixture (10) and determined by 


the Lowry-Lopez method (11). Hypoxanthine was determined by the method of 
Kalekar (2). 














| | Hypoxanthine Inorganic P A senciiaihliin 
Time | Hypoxanthine Inorganic P disappearance Sreeerenee fe ew ¥) 
| (a) (b) A inorganic P (5) 
pres mame aes coma a Gane a ss aaa 
| | 
0 | 445 11 
20 363 | 72 82 61 1.3 
42 288 | 148 75 76 1.0 
OES 65.35 Sow Sea wo eee 157* 137 | 














* This represents a 157/445 = 35.3 per cent synthesis of hypoxanthine desoxyri- 
boside. 
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fied phosphate was acid-labile and could be accounted for completely as 
the sum of inorganic plus acid-labile phosphate. Presumably, therefore, 
ribose-1-phosphate was the ester formed and no ribose-5-phosphate (acid- 
stable) was formed. This would indicate that there was not a significant 
amount of phosphoribomutase activity in brain. This finding contrasts 
with that in liver, where under these conditions, in crude liver extracts, an 
acid-stable phosphate ester is formed (12), and there is a net disappearance 


TABLE V 
Phosphorolysis of Inosine by Whole Brain Homogenate 

The complete incubation mixture contained 10 um of inosine, 15 wl. of xanthine 
oxidase, 2.7 um of inorganic phosphate, and 5.5 mg. of crude brain homogenate in a 
total volume of 2 ml. of 0.05 m Tris buffer, pH 7.4. Blanks were run with boiled 
brain. Appropriate uric acid and phosphate standards and uric acid and phosphate 
internal standards were run. At the time indicated (1) a 50 ul. aliquot of the re- 
action mixture was pipetted into 1 ml. of Lowry-Lopez reagent (11) for the deter- 
mination of inorganic phosphorus. Because of the high dilution employed it was 
not necessary to deproteinize, and there was no inhibition of color development. 
(2) A second aliquot was removed. The protein was precipitated with 0.3 Nn per- 
chlorie acid, and the uric acid in the supernatant fluid was measured at \ = 292.5 
mu. (3) A third aliquot was heated at 38° for 30 minutes in 0.3 N perchloric acid. 
The sum of acid-labile plus the inorganic phosphate was determined in this aliquot 
by the Lowry-Lopez method. The sum of acid-labile plus the inorganic phosphate 
remained unchanged throughout the experiment. 








) i ies | Se ae 
Time | Hypoxanthine | Inorganic P wale disappearance ae (a) 
| | (a) | (b) A inorganic P (}) 
A min. muM | my M muM | mp M 
| | | 
0 | 124 2712 | 
30 | 346 2475 222 | 237 0.94 
60 | 537 | 2262 191 | 213 | 0.90 
VN AS era ie A 2c ee 413 450 0.92 





of acid-labile plus inorganic phosphate. The results in Table V indicated 
that all of the inosine-splitting activity was phosphorolytic and that there 
was no hydrolytic activity in brain. This finding contrasts with the results 
in yeast, in which Heppel and Hilmoe (13) found both phosphorolytic and 
hydrolytic splitting of inosine. 

Quantitative Histochemical Resulis—Small bits of frozen-dried material 
(1 to 3 y, dry weight) were obtained from the cerebellar molecular and 
granular layers and subjacent white matter of four monkeys (Macacus 
mulatta) by a technique described elsewhere (1). The results of these 
analyses are presented in Table VI. Three of these results were of interest: 
first, the significantly higher activity in the granular layer compared with 
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the molecular layer or white matter; second, the significantly higher ac- 
tivity in the granular layer of the vermis compared to that of the hemi- 
sphere; and, third, the unexpectedly high value in the white matter. When 


TaBLeE VI 


Purine Nucleoside Phosphorylase; Quantitative Histochemical Data on Cerebellar 
Cortex and Subjacent White Matter of Monkey Cerebellum 
The units are moles of inosine split per kilo of brain, dry weight, in 1 hour. 

















Hemisphere Vermis 
Monkey No. |~ er aap Yeates Fi *. | 
Molecular | Granular White Molecular | Granular | White 
layer | layer matter layer layer | matter 
1 | 0.83 (6)| 1.44 (6), 0.40 (11)| 0.88 (6) 1.71 (6) | 0.80 (11) 
| £0.02* | +£0.03" 40.02* | +£0.03* 40.05* £0.05" 
2 | 1.07 (5), 1.37 (8), 0.93 (6) | 1.10 (6); 2.01 (5) | 1.12 (4) 
(40.06 40.05 40.08 | 40.04 40.08  +0.06 
3 | 0.92 (6), 1.28 (8) 1.01 (15); 1.04 (5) 1.57 (11) 0.73 (15) 
| +0.03 | +0.04 (40.07 | +0.06 (+0.03 +0.04 
4 | 1.05 (6) 1.48 (6), 1.25 (4) | 1.14 (7), 1.73 (6) | 1.45 (14) 
| £0.05 | +0.02 (40.06 | +£0.05 +0.05 +0.04 
Mean..... | 0.97 | 1.39 | 0.90 | 1.04 | 1.76 | 1.02 
| 


+0.08 | 40.04 40.19 | 40.05 +0.09 +0.18 





t Tests of Significances of Differences between Means of Quantitative 
Histochemical Data 











Hemisphere | Vermis Hemisphere vs. vermis 
| | | | | eed ae ; 2 | Sip es yh 
Granular vs.|Granular vs.| Molecular Granular vs. Granular vs.) Molecular | Molecular | Granular | White 


molecular | white | vs. white | molecular | white | vs. white layer | layer | matter 





| 
| 


4.67¢ | 2.58t | 0.35 | 6.98f | 3.70¢ | 0.11 | 0.75 


|- eg 
| 3.74¢ | 0.46 


The figures in parentheses are the number of determinations. 
* Standard error of the mean. 
t Significant at P < 0.05 level. 


calculations were made on the basis of protein content of these layers in- 
stead of dry weight,® the values, averaged for vermis and hemisphere (in 
moles of inosine split per kilo of protein in 1 hour) were as follows: molec- 
ular layer, 1.58; granular layer, 2.48; white matter, 2.80. The white 
matter would then have the highest activity, based on amount of protein. 


6 The values of protein in gm. per kilo of dry weight are as follows: molecular layer, 
636; granular layer, 638; and white matter, 343 (1). 
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DISCUSSION 


The occurrence of appreciable purine nucleoside-splitting activity in 
brain has been previously reported by Klein (5). In the present study, 
this enzymatic activity was found to be entirely phosphorolytic. An en- 
zymatic synthesis of hypoxanthine desoxyriboside by brain purine nucleo- 
side phosphorylase was also demonstrated. A similar synthesis by the 
enzymes in liver (3, 10), Escherichia coli (14), and yeast (13) has already 
been reported. 

In an attempt to find out more about the function of this enzyme, quan- 
titative histochemical studies of the monkey cerebellum were undertaken. 
One finding of interest is the very high enzymatic activity in the granular 
layer of the cerebellum. The nerve cells of this layer make up the bulk of 
its volume. These cells are characterized by their relatively large nucleus 
and sparse cytoplasm (15) compared to other cells of the central nervous 
system. It is not clear whether the very high enzymatic activity in these 
nerve cells in the granular layer is related to their large nuclei or whether 
it is a property of all nerve cells. At present, there are no equivalent data 
on other nerve cells by which to test this point. Another finding of interest 
is a high enzymatic activity in white matter, especially evident if calculated 
on the basis of protein, indicating that oligodendroglia or axis cylinders 
are sites of very high rates of purine nucleoside phosphorylase activity. 


SUMMARY 


1. A modification of the differential spectrophotometric method of 
Kalckar permits the measurement of purine nucleoside phosphorylase ac- 
tivity in as little as 3 y, wet weight, of brain. This method also is ap- 
plicable to mg. amounts of tissue. 

2. The enzymatic splitting of inosine in brain is entirely phosphorolytic; 
there is no hydrolytic activity contributing to this splitting. 

3. By using a partially purified enzyme preparation from brain, the syn- 
thesis of hypoxanthine desoxyriboside from hypoxanthine and desoxy- 
ribose-1-phosphate has been demonstrated. 

4. Quantitative histochemical data on the monkey cerebellar cortex and 
subjacent white matter have been obtained. These show highest activity 
in the granular layer and an unexpectedly high activity in cerebellar white 
matter. 
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PHOSPHOGLYCERYL KINASE IN HIGHER PLANTS 


By BERNARD AXELROD* anp ROBERT 8S. BANDURSKIt 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, Pasa- 
dena, and the Western Regional Research Laboratory, Bureau of Agricultural and 
Industrial Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, March 18, 1953) 


The researches of Tanko (1), Hanes (2), and Somers and Cosby (3) have 
established with reasonable certainty that in pea seeds the transformation 
of starch and orthophosphate to fructose-6-phosphate can occur via the 
Embden-Meyerhof scheme. It has also been shown recently in our labora- 
tories that the next enzyme in the sequence, phosphofructokinase, is also 
present (4). Stumpf (5) had already shown that the further conversion 
of FDP! to pyruvate was catalyzed by soluble pea seed preparations, al- 
though in his experiments he found it necessary to incorporate arsenate 
in the reaction mixture, ostensibly as a substitute for the apparently absent 
‘“Biicher” enzyme (6) which catalyzes reaction (c). 


dihydroacetone phosphate 





(a) FDP @ 
3-phosphoglyceraldehyde 
DPN 
(b) 3-Phosphoglyceraldehyde + PO, RE SEC 1,3-diphosphoglycerate 
DPNH 
(c) 1,3-Diphosphoglycerate + ADP @ 3-PGA + ATP 


We undertook to demonstrate the presence of the Biicher enzyme in pea 
seed tissue, since with this demonstration all of the enzymes of the 
Embden-Meyerhof scheme would have been shown to be present in the 
tissue of a higher plant. The initial experiments were made by employing 
the reaction sequence, (a) — (b) — (c), and following the course of the re- 
action by the spectrophotometric measurement of DPNH. 

It was further found that in such a system a possible acid anhydride 
material arose, as indicated by the hydroxamic acid color test of Lipmann 
and Tuttle (7), thus furnishing additional support for the formation of 


* Present address, Western Regional Research Laboratory, Albany, California. 

t Present address, California Institute of Technology, Pasadena, California. 

1The following abbreviations are used throughout: fructose-1,6-diphosphate, 
FDP; diphosphopyridine nucleotide, DPN; reduced diphosphopyridine nucleotide, 
DPNH; adenosinediphosphate, ADP; adenosinetriphosphate, ATP; 3-phosphogly- 
ceric acid, 3-PGA. 
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1 ,3-diphosphoglyceric acid from FDP. Finally, by starting with 3-PGA 
and ATP, an assay procedure based on Lipmann and Tuttle’s technique 
was developed in which hydroxylamine was utilized as a trap to drive re- 
action (c) to the left. With the aid of this method, it was possible to dem- 
onstrate this enzyme readily in a number of plant materials, to purify it, 
to some degree, from pea seeds, and to study some of its properties. 

Of the great variety of names which have been used to describe Biicher’s 
enzyme we prefer ‘“‘phosphoglyceryl kinase,” since it conforms to the com- 
monly accepted names of analogous phosphorylating enzymes which use 
ATP, such as hexokinase, phosphofructokinase, etc. 


EXPERIMENTAL? 


Materials—PGA was purified as the crystalline acid barium salt from the 
commercial barium salt by the method of Neuberg and Lustig (8). DPN 
(65 per cent), Na2H,ATP (95 per cent), BaADP, and Ba inosine triphos- 
phate were of commercial origin. We are indebted to Dr. H. K. Mitchell 
of the California Institute of Technology for a gift of oxalacetic acid, and 
to Dr. H. Stodola of the Northern Regional Research Laboratory for a- 
ketoglutaric acid. Phosphoryl-enolpyruvic acid (9) and phosphocreatine 
(10) were synthesized in our laboratories. All barium and silver salts were 
converted to the potassium form before use with K2SO, or KCl. 

Preliminary Demonstration of Phosphoglyceryl Kinase Activity in Pea 
Seeds—This enzyme was demonstrated in pea seed meal (Alaska variety) 
indirectly by measuring the rate of reduction of DPN in the system repre- 
sented by equations (a), (b), and (c). The crude pea seed meal enzyme 
carried with it sufficient quantities of aldolase, triose phosphate isomerase, 
and 3-phosphoglyceraldehyde dehydrogenase to make addition of these 
enzymes from an outside source unnecessary, and it was possible to begin 
with the readily available FDP. Under the conditions of the reaction, the 
presence of ADP and PO led to an appreciable rate of reduction of DPN 
compared to the control, from which ADP was withheld (Fig. 1). It may 
be noted that arsenate was also effective in promoting reduction. When 
an excess of DPN was available in a reaction mixture similar to that of the 
experiment shown in Fig. 1 in which ADP was used, a material was formed 
which reacted positively in the Lipmann-Tuttle hydroxamic acid test. 

Assay Method—Because of the difficulty in preparing 1 ,3-diphospho- 
glyceric acid, it seemed more satisfactory to carry out reaction (c) in the 
reverse of the manner written. The tolerance of the enzyme to high con- 
centrations of hydroxylamine permitted employment of this reagent as a 

2 The mention of special instruments throughout this paper does not imply that 


they are endorsed or recommended by the Department of Agriculture over others 
of a similar nature not mentioned. 
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trapping agent for the acyl phosphate formed. The highest concentration 
of hydroxylamine tested, 2.14 M, was the most effective. However, a some- 
what lower concentration, 0.77 M, was nearly as good and was used in the 
assay With satisfactory results. 

The substrate mixture used in the assay contains in 1.0 ml. the following 
reagents: 1.0 mm NH.OH (freshly neutralized to pH 7.3), 0.0224 mm PGA 
(pH 7.3), 0.008 mm ATP (pH 7.3), and 0.006 mm MgClo. To 1.0 ml. of 





T T T T ' 


ADP + POS 





A OPTICAL DENSITY 








i i] l 
200 400 600 800 1000 
TIME (SECONDS) 

Fig. 1. Reduction of DPN by pea meal enzyme and ADP. The reaction mixture 
contained 0.2 ml. of a 1:10 dilution of enzyme (Fraction A, Table I), 5 mg. of FDP 
as the Ba salt, 1 mg. of DPN, 65 per cent purity, and 0.5 ml. of a mixture of 3.0 ml. 
of Veronal buffer, 0.03 m, pH 8.5, 0.6 ml. of MgCl., 0.2 m, and 0.04 ml. of m KH2PQ,. 
In the AsO,= experiment, K.HAsO, replaced the phosphate. In the experiment 
with ADP, 9.5 mg. of the material, as the Ba salt, were present. The absorption 
was measured at 340 my, with a 1 cm. path in a Beckman spectrophotometer (without 
thermostat). The room temperature was 25°. 





this substrate sufficient enzyme plus water is added to give a final volume 
of 1.3 ml. The reaction is carried out in 15 ml. conical centrifuge tubes at 
37° for 1600 seconds, at which time 3 ml. of a mixture of FeCl -trichloro- 
acetic acid-HCl (FeCl;-6H,O, 8.3 gm., concentrated HCl, 42 ml., and tri- 
chloroacetic acid, 20 gm., made up to 500 ml. with distilled H,O) is added 
to stop the reaction. After 5 minutes, 2.5 ml. of 95 per cent ethanol are 
added and the protein precipitate is removed by centrifugation, if present 
in sufficient quantity to interfere with colorimetry. The color density of 
the solution is measured in an Evelyn colorimeter with a 490 my filter. 
The alcohol is added because the colorimeter requires a minimal volume of 
6 ml. Although the addition of alcohol reduces the concentration of the 
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reaction mixture, it enhances the absorptivity of the ferric hydroxamic acid 
complex sufficiently to compensate for the dilution. A “blank” tube is 
prepared by adding the FeCl;-trichloroacetic acid-HCl mixture to the sub- 
strate prior to the enzyme. A unit of enzyme activity is defined as that 
quantity of enzyme which produces an increase in density of 1.0 under the 
above conditions of assay, although in actual practice a quantity of enzyme 
is chosen which produces 10 to 20 per cent of this change. 

Preparation of Phosphoglyceryl Kinase—A typical preparation of this 
enzyme will be described, which illustrates its behavior on salt fractiona- 
tion. 100 gm. of viable pea seeds (Piswm sativum var. Alaska), ground in 
a Wiley mill to pass a 40 mesh sieve, were extracted for 10 minutes with 200 
ml. of HO. The supernatant fluid obtained after 10 minutes centrifuga- 


TaseE I 
Ammonium Sulfate Fractionation of Pea Seed Extract 














Fraction* Total activity Specific activityt 
=o iis  — 
A. Original extract, 104ml.................. 933 6.1 
B. 0.5-0.8 fraction of (A), 100 ml............ 737 27.3 
DOPED ITACUIONUOL UE) 6 66 6u eas coe cass aes 238 10.3 
D. 0.55-0.60 fraction of (B)................ 111 20.5 
RMON. es ES 2 RG Roos Saws bce a 246 42.3 
SDE hey tate Fe 5 leas Rakibeon 142 64.0 
G. Supernatant from (F)................... 139 5.63 





* The fractions refer to the degree of saturation with ammonium sulfate. 
+ Expressed as units per biuret unit (11). 1 biuret unit is approximately equiva- 
lent to 2 mg. of protein N. 


tion at 18,000 X g was then fractionated with ammonium sulfate, as indi- 
cated in Table I. Fractionations were made at pH 7.5, with 2 N NaOH to 
adjust the pH wherever necessary. Although the preparation was carried 
through at 5°, this precaution was probably not necessary. Thus prepar- 
ations like Fraction F were stable at room temperature (25°) for at least 1 
week. Temperatures up to 50° for 2 minutes did not harm the enzyme, 
although at 60° it was completely inactivated. 

Effect of pH on Reaction—The influence of pH on the rate of formation of 
hydroxamic acid-forming material is shown in Fig. 2. Because hydroxyla- 
mine is somewhat unstable in alkaline solution, and because its specificity 
toward acyl phosphate is greater at a more acid pH, pH 7.3 was selected as 
a suitable condition for use in the assay. As may be seen from the curve, 
the reaction is not affected by minor deviations in acidity at this point; 
furthermore, the buffering action of the reaction mixture is better here 
than at higher pH levels. 
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Cation Requirements—The crude enzyme obtained by extracting pea seed 
meal with water exhibits its full activity without further addition of metal- 
lic ions. However, a preparation such as Fraction E or F is but slightly 
active after dialysis when no metal is included in the reaction medium. 
The dependence of such a preparation on Mgt+ is shown in Fig. 3. Al- 
though the enzyme is activated by Mgt‘, an excess is inhibitory. Mnt* 
and Cot* at a concentration of 7.4 X 10 m are as effective as an 
equivalent amount of Mg*t. Cat* is only 52 per cent and Fet*+ about 
30 per cent as effective. 
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Fig. 2. Effect of pH on the phosphoglyceryl kinase assay reaction. Determina- 
tions were made with 0.2 unit of enzyme, Fraction F, under conditions as described 
in the standard assay procedure, except that the pH was varied by adjusting the 
NH.OH to the desired values with NaOH. 


Effect of Inhibitors—A number of substances were tested as inhibitors of 
phosphoglyceryl kinase by allowing the enzyme to stand in contact for 30 
minutes with 0.03 m solutions of these substances (unless otherwise noted) 
and then assaying the enzyme. Those substances which caused inhibition 
are shown in Table II. Iodoacetate, sodium azide, sodium cyanide, hy- 
drogen peroxide, potassium arsenate, and sodium fluoride did not cause 
inhibition under the conditions described. The influence of NaF was of 
particular interest in view of the fact that this substance was present in the 
reaction mixture which Stumpf used in the study of the conversion of FDP 
to PGA by pea seed enzymes. Although NaF caused no inhibition in the 
above experiment, in which it was present in a concentration of 6.9 X 107% 
M, it produced an appreciable effect at 1.7 X 10-? M, both in the presence 
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and absence of phosphate (Table III). The failure of Stumpf to demon- 
strate phosphoglyceryl kinase in his preparation is perhaps due to the in- 
28 T T T 
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Fig. 3. Effect of Mg**+ concentration on the rate of phosphoglyceryl kinase ac- 

tivity. The reaction conditions were as described for the standard assay, except 

that final volume of reaction mixture was 1.35 ml. The enzyme was a 1:410 dilution 

of a mixture of Fractions E and F, which was dialyzed in a rotating cellophane sac 
against two changes of 200 volumes of distilled water for a total time of 4 hours. 
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TaBLeE II 
Inhibition of Phosphoglyceryl Kinase by Metallic Ions 
| Concentration Concentration in Hydroxamic acid | ; 
Inhibitor | during preincu- final reaction formed, expressed as} Inhibition 
| bation mixture optical density 
ae eT | M M _ ae 
RS 3 X 10-2 | 6.9 X 10°? | —G.009 94 
ss 52 KOS 2d daly | 3 X 107 | 6.9 X 103 | 0.084 44 
() 0) SAD GRO Re ag Seno | ORK or 0.092 39 
Controls... 68: | | 0.150 





clusion of NaF in his reaction mixtures in a concentration of 1.7 X 107 
M (5). The enzyme was also unaffected by 0.01 m 2,4-dinitrophenol. 
Substrate Specificity—The following substances led to no formation of 
hydroxamic acid derivatives when substituted for PGA in the standard 
test procedure at a concentration of 0.02 mM: succinate, L-malate, ketoglu- 
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tarate, fumarate, acetate, citrate, and glutamate. Although oxalacetate, 
pL-glycerate, glucuronolactone, and glycolate formed significant quantities 


TaBLeE III 
Inhibition of Phosphoglyceryl Kinase by Fluoride 





Concentration in reaction mixture 





| 
Activity expressed as 
| 
| 





= ; é absorbancy Relative activity 
Phosphate Fluoride 

M M | per cent 
1.5 X 107% tt oe 5Gr* 0.125 40 
LX 16- | 0.288 93 
1.7 X 10°? 0.108 35 
1.7 X 10°* 0.310 100 
0.310 100 








* Added after the reaction was stopped. The reaction was carried out by the 
standard assay procedure. 
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Fie. 4. Graphical determination of Michaelis-Menten constant for 3-PGA. The 
reaction mixture contained 0.5 ml. of ATP (0.04 m), 1.0 ml. of NH.OH (2.5 m), 0.25 
ml. of enzyme, Fraction B, and varying amounts of 3-PGA. All reactants were ad- 
justed to pH 7.3. H.O was added to make a final volume of 3.5 ml. The reaction 
time was 1600 seconds; temperature, 37°. The hydroxamic acid formed in 1 ml. of 
reaction mixture was converted to the colored ferric complex as described in the 
standard assay procedure. The density of the resulting color was taken as a measure 
of the reaction velocity. 


of hydroxamic acids, this was shown to be due to ester or lactone com- 
pounds, for the same colors were obtained when ATP or enzyme was 
withheld. Phosphoryl-enolpyruvate was 20 per cent as effective as half 
the equivalent amount of 3-PGA, presumably because of its partial con- 
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Fic. 5. Graphical determination of Michaelis-Menten constant for ATP. 
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conditions were exactly like those described for Fig. 4, except that the concentration 


of 3-PGA was held constant at 0.016 m, while the concentration of ATP was varied. 


TaBLe IV 


Content of 3-Phosphoglyceryl Kinase in Some Higher Plants 


Plant 
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version of 3-PGA by the enolase and phosphoglyceric isomerase present 
in such extracts (5). 

Among the substances tested as possible phosphate donors, by substi- 
tuting them for ATP in the standard assay procedure, ADP was 5 per cent 
as effective and inosine triphosphate 16.3 per cent as effective as ATP. 
Pyrophosphate, phosphoryl-enolpyruvic acid, and phosphocreatine had 
negligible effects. 

Enzyme-Substrate A ffinities—The affinity of the enzyme for the two sub- 
strates was determined at pH 7.3, in 0.714 m NH.OH, by the Lineweaver- 
Burk (12) graphical treatment of the reaction rates observed. The K, was 
7.6 X 10-* m for PGA and 4.1 X 10-*m for ATP (Figs. 4 and 5). It has 
been shown by Haldane (13) that the K, value for one of the substrates 
in a bimolecular reaction is not necessarily independent of the concentra- 
tion of the other substrate. Hence the values given here may be only ap- 
proximations at other concentrations of the invariant substrate. 

Distribution of Phosphoglyceryl Kinase—Extracts of a number of plant 
materials were made by grinding a suitable quantity of tissue in a blender 
with dilute NaOH, usually 5 to 10 volumes of 0.001 to 0.003 N concentra- 
tion, and filtering. The quantity of alkali required was determined by a 
preliminary trial and was such as to yield extracts with a pH between 6 
and 8.5. Seeds were first reduced to a meal by use of a Wiley mill and then 
ground with the NaOH in a mortar. The filtered extracts were adjusted 
to pH 7.3 and diluted, as necessary, for assay by the standard procedure. 
The results (Table IV) are intended to be only indicative of the range and 
distribution of this enzyme and are based on only one sample of each tissue 
chosen. 


DISCUSSION 


With the demonstration of phosphoglyceryl kinase activity in pea seed 
preparations, each of the glycolytic enzymes has now been shown to be 
present in this tissue. Hence it may be reasonably concluded that the 
Embden-Meyerhof scheme is potentially operative. A characteristic of 
crude enzyme extracts undergoing glycolysis is the accumulation of FDP. 
This is due to the excess of ATP synthesized in the glycolytic process over 
that used in initiating the process, the excess ATP being used to phosphory- 
late the hexose monophosphates present. Preparations of pea seed meal 
when incubated with inorganic phosphate do indeed accumulate large quan- 
tities of FDP, as has been shown by Tanko (1). Whereas the hexose 
monophosphates could have arisen from the phosphorylation of the starch 
that was present, the FDP must have been formed by the action of phos- 
phofructokinase and ATP, both of which are present in such reaction mix- 
tures (4, 14). The phosphoglyceryl kinase step appears to account for the 
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bulk of the ATP synthesized by such glycolyzing preparations. This view 
is substantiated by our finding that pea meal extracts, if provided with 
phosphate and catalytic amounts of DPN and ATP, could transform fruc- 
tose-6-phosphate or starch to FDP, either aerobically or anaerobically. 
The addition of arsenate virtually abolished the production of FDP, as 
would be expected on the basis of the uncoupling of phosphorylation from 
triose phosphate oxidation and the consequent lack of ATP synthesis. 


SUMMARY 


1. Phosphoglyceryl kinase (Biicher enzyme) has been found in a number 
of higher plants. 

2. A simple colorimetric method for the assay of this enzyme is proposed 
which is based on the Lipmann-Tuttle hydroxamic acid technique and em- 
ploys only readily available substrates. Hydroxylamine is present in the 
enzyme reaction mixture to trap the 3-phosphoglyceryl phosphate formed 
by the action of the enzyme on adenosinetriphosphate and 3-phospho- 
glyceric acid, thereby driving the reaction toward completion. The hy- 
droxamic acid formed is measured as the colored ferric complex. 

3. Partial purification of the enzyme from pea seeds has been achieved. 

4. Pea seed phosphoglyceryl kinase has been characterized with respect 
to such properties as pH optimum, stability, substrate specificity, substrate 
affinity, metal requirements, and inhibitors. 
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THE PURIFICATION AND CRYSTALLIZATION, OF 
PLASMINOGEN (PROFIBRINOLYSIN)* 


By DANIEL L. KLINE 


(From the Department of Physiology, Yale University, New Haven, Connecticut) 
(Received for publication, March 31, 1953) 


Plasminogen (profibrinolysin) is the precursor of a proteolytic enzyme, 
plasmin (fibrinolysin), which is found in the euglobulin fraction of blood 
and which actively lyses clots in vitro and in vivo. The most satisfactory 
procedures for the purification of this enzyme precursor have been reported 
by Remmert and Cohen (1) and Christensen and Smith (2). The former 
investigators, by means of repeated isoelectric precipitation of serum at 
low ionic strength and the use of kaolin as an adsorbent, obtained a prep- 
aration which represented a 135- to 165-fold increase in purity compared to 
serum. The yield was reported to ke very low and the procedure some- 
what laborious. Christensen and Smith, by reextraction of Cohn’s plasma 
Fraction ITI (3) with mineral acid, obtained purification of more than 250- 
fold compared to serum. While the method was simple, the results were 
exceedingly variable, the yields ranging from 10 to 100 per cent in an 
unpredictable manner. In addition, the final product was a suspension 
difficult to use for further purification or in animal studies. 

A simple, reproducible method for the purification of plasminogen from 
Fraction III is reported in this paper. The principal obstacle to purifica- 
tion has been the intense coprecipitating properties of this enzyme. For 
this reason, the classical techniques of salt, alcohol, and isoelectric fraction- 
ation have proved of limited value (1). The method reported here is based 
upon purification made possible by the resistance of plasminogen to acid 
and alkali denaturation, and the precipitation of this partially purified pro- 
duct in the presence of a phosphate buffer. The yields obtained were 33.2 
per cent of the starting quantity of enzyme, and the concentration of en- 
zyme was more than 400 times that of serum. Crystalline plasminogen, 
not completely free of contaminants, was readily obtained from solutions 
of this purity. 

Materials and Methods—Plasma Fraction III, kindly released for our use 
by Dr. L. E. Strong of the American National Red Cross and supplied 
through the generosity of Dr. J. N. Ashworth of E. R. Squibb and Sons, 
was used as the starting material. 


* This study was supported by Institutional Research Grant 86 of the Damon 
Runyon Memorial Fund for Cancer Research, Inc., and Institutional Grant 47 of 
the American Cancer Society. 
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Assays of proteolytic activity were carried out by measurement of the 
hydrolysis of casein as described by Remmert and Cohen (1). These 
authors have shown that purification data are identical, whether casein 
hydrolysis or clot lysis is assayed. Trichloroacetic acid-soluble tyrosine 
was estimated by determining the increase in absorption at 280 my 
with a Beckman DU spectrophotometer on aliquots removed at 2 minutes 
and 62 minutes. The total volume per assay tube was 5 ml. 2 ml. ali- 
quots were removed and the undigested casein was precipitated with 2 
ml. of 10 per cent trichloroacetic acid. After 10 minutes of incubation of 
the precipitate at 37° to insure complete precipitation, 5 ml. of distilled 
water were added and the contents filtered through Whatman No. 3 filter 
paper. 

Commercial soluble casein, reprecipitated once as described by Remmert 
and Cohen (1), was used as substrate. Casein solutions were dissolved in 
phosphate-saline buffer, pH 7.4, and standardized to 5 per cent by Kjeldahl 
analyses. 

Streptokinase (Lederle), generously supplied to us by Dr. L. R. Chris- 
tensen, was used as the activator. 600 streptokinase units per assay tube 
were found to be sufficient to provide an excess of activator. 

All nitrogen analyses were by standard micro-Kjeldahl procedure. 

Proteolytic Units—In some of the exploratory experiments, the assays 
were prolonged for 24 hours. The proteolytic units in these instances were 
arbitrarily set, equal to the increase in optical density of the trichloroacetic 
acid filtrate. In all other assays, a proteolytic unit is that amount of en- 
zyme producing an increase of 450 y of acid-soluble tyrosine in a medium 
of 4 per cent casein in 1 hour, as defined by Remmert and Cohen. 


EXPERIMENTAL 
Preliminary Studies; 24 Hour Assay 
7] Y 


Effect of Temperature and Duration of Extraction—The effect. of tempera- 
ture upon the stability of plasminogen during preparation was studied by 
comparing the products of acid and buffer extraction at 4° and room tem- 
perature. Preparations carried out at room temperature were equal or 
superior to those worked up in the cold (Table I). Extraction with me- 
chanical stirring for 10 minutes at room temperature was found to remove 
90 per cent of the total activity, assuming that the original activity is that 
amount which was obtained by repeated extraction with phosphate-saline 
buffer, pH 7.4. Prolonging the extraction time did not increase the yield 
appreciably. With strong acid, some destruction of the enzyme occurred, 
increasing as extraction was prolonged (see Table I). 

Effect of Strength of Acid—10 minute extractions were performed with 


1 Dr. Jacob B. Fishman assisted in this phase of the work. 
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mechanical stirring at room temperature with 0.05, 0.1, and 0.2 n H:SOx. 
The proportions of Fraction III to acid were 1 gm. per 20 ml. The total 
yield of enzyme, as shown in Fig. 1, varied inversely as the strength of acid 
used, whereas the purity of the product was essentially similar in each in- 


TaBLe I 


Effect of Temperature and Duration of Extraction upon Plasminogen Activity Extracted 
from 10 Gm. of Fraction IIT 











Solvent Duration Temperature Activity* 
ie cae ‘ a Ov 
Phosphate-saline buffer, pH 7.4......... 24 hrs. 4 8730 
ES is ley oe. eee 24 ‘ Room 9455 
«“ ih > Tee 10 days 4 8832 
0.05 N H.SO, Bey cea ro a Pas eaten : 10 min. Room 8580 
LCs Se a re 30. a 7526 
(op ge Nl a 0 rer reed eR ES eur ie 18 -*S Room 3700 
OER ES iS pete geen. ran eerie Bere eae 30. “ sy 2640 

















* Increase in optical density at 280 my of trichloroacetic acid filtrate in 24 hours. 
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Fig. 1. Effect of strength of acid upon the total yield (upper) and purity (lower) 
of plasminogen extracted from 10 gm. of Fraction III (24 hour assay). 


stance. A second extraction, after precipitation of the enzyme at pH 5.3, 
resulted in complete solution, and no further purification was obtained. If 
isoelectric precipitation at pH 5.3 was performed in the presence of 0.05 
M phosphate, as recommended by Christensen (2), a second acid extraction 
sometimes produced a product of the purity described by him. The addi- 
tion of phosphate at this stage of the procedure, however, appeared to in- 
troduce a highly variable element, and its use at this point was abandoned. 
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Resistance of Partially Purified Plasminogen to Elevated Temperature and 
to Alkali—Table ITI shows the resistance of partially purified plasminogen 
to destruction by elevation of temperature or exposure to alkali. The two 
sets of experiments were carried out upon different solutions; the results 
cannot be compared with each other. 


. Purification; 1 Hour Assay 


Since in our hands the material obtained by the method of Christensen 
was variable in yield and purity, and refractory to attempts at further 
purification, a new approach, based upon the chance finding that plasmino- 
gen is resistant to alkali, was attempted. After an initial extraction with 








TaBe IT 
Resistance of Partially Purified Plasminogen to Temperature and Alkali* 
Conditions cee eat ce, 
CCE 12 ls Se RR a aa SA PO 0.528 
Ls Loy al eee ag la re ett PRN Ris Ge ri eed 0.530 
SG ad ages ie ea pt Ree eg aR oe 0.570 
De No ayer Yo iow tay Rares re winnaar AON 0.540 
eta RMAC ta Meera A ee rs ES ee. 4.9: Rigas hide .o bls ene So a boo 0.503 
AMMO FAURE 1 OD 250.65 5355005 5 sada oka awe ee en nets 0.135 
ES gia eA (ee? aii SNARE on ae RIDE cere 0.113 
die tea ll, Ia ined Aa cater bic fonst Srom aust ovonchatane sean ONG 0.144 








* Plasminogen solutions of different strengths were used in the temperature and 
alkali experiments; the optical densities cannot be compared with each other. 


0.05 n H,SO, (1 gm. per 20 ml.) for 10 minutes at room temperature, the 
resulting suspension was centrifuged at 2500 r.p.m. for 10 minutes. After 
removal, by means of a policeman, of floating lipides which occasionally 
appeared, the supernatant solution was decanted and adjusted to pH 11 
with n NaOH. All acid and alkali additions were run in by pipette while 
the solution was stirred by hand. The enzyme is not affected at pH 11 
by exposure up to 3 minutes. The pH was then immediately brought to 
5.3 with Nn HCl and the preparation placed in the refrigerator for a mini- 
mum of 3 hours. Overnight storage at this point did not affect the results. 
The pH of the suspension was now adjusted to 2 with n HCl and the ma- 
terial centrifuged for 1 hour at 2700 r.p.m. After removal of any floating 
lipides, the supernatant solution containing plasminogen was carefully de- 
canted from the gelatinous residue. The enzyme solution obtained was 
stable at pH 2.5 for at least 1 week. The yield averaged 65 per cent of 
the enzyme present in the starting material, and the purity averaged 14.8 
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proteolytic units per mg. of N by the assay method of Remmert and Cohen 
(1). This solution is designated as Solution A (Table ITI). 

After this degree of purification had been obtained, it was found that 
plasminogen precipitated in highly purified form in the presence of phos- 
phate ions under certain circumstances. 


TaBie III 
Yield and Purity of Plasminogen from 10 Gm. of Fraction IIT 





: | wal ai 
Proteolytic units Nitrogen Proteolytic units per mg. of N 





Solution A* 


























| mg. | 

1404 | 67.5 | 20.8 

832 | 63.7 | 13.1 

990 | 74.2 | 13.3 

832 | 71.5 | 12.0 

Average... .1015 | 69.2 | 14.8 

Solution B 

481 | 8.0 | 60.2 

552 | 8.0 | 69.0 

487 8.9 | 55.0 

602 11.5 | 52.4 

Average. ... .531 9.1 59.2 

Crystalline plasminogent 
210 | 3.75 | 56.0 
117 | 2.60 | 45.0 





* See the text for a description of Solutions A and B. 
t Quantitative recovery not attempted. 


Solution A, obtained as described above, was adjusted to pH 8.6 by the 
dropwise addition of n NaOH. Precipitation occurred at pH 4.5 and the 
solution cleared to opalescence at about 8.2. If a visible precipitate re- 
mained undissolved, the solution was adjusted to pH 9 and centrifuged. 
The residue was discarded. The solution was now dialyzed against 0.25 m 
sodium phosphate, pH 6.0. A fine precipitate appeared almost immedi- 
ately. After 10 minutes, the suspension in the bag was transferred to a 
beaker and placed in the refrigerator for 1 hour. The suspension was then 
centrifuged and the residue, containing plasminogen, completely dissolved 
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in distilled water with the aid of a drop or two of N HCl. Dispersion of 
clumps with a glass rod was helpful, especially before the addition of the 
acid. Thissolution, Solution B, was stable for at least 2 weeks at 4°. The 
product obtained, as shown in Table III, averaged 33.2 per cent yield and 
59.2 proteolytic units per mg. of N, a concentration about 425 times greater 
than that of serum. Variations in total yield or purity within a given lot of 
Fraction III were negligible. No spontaneous activity against casein was 
detectable. Precise fibrinolytic assays were not performed, but the en- 
zyme, after activation with streptokinase, rapidly lysed clots in vitro and 
im vivo.” 

The purification described was obtained by using a lot of Fraction III 
secured in January, 1951. A new supply of Fraction IIT, obtained through 
the courtesy of the American Red Cross and E. R. Squibb and Sons in 
January, 1953, yielded a less pure product, 40 proteolytic units per mg. of 
N. Redialysis against 0.25 m sodium phosphate, pH 6.0, sometimes in- 
creased the purity to 50 proteolytic units per mg. of N. 

Further investigation of the purification process has revealed that the 
specificity of the dialysis step results from the precipitation of a small 
quantity of an unidentified plate-like, gelatinous protein. Plasminogen 
coprecipitates with this material, making an increase in purity up to 5-fold 
possible at this step. The variation in purity obtained between the 1951 
and 1953 lots of Fraction III appears to depend upon the amount of im- 
purity with which plasminogen coprecipitates. 

When Solution B, prepared from the 1951 lot of Fraction III, was ad- 
justed to pH 8.2, needle-like crystals formed. Storage of this solution led 
to an increased formation of crystals which tended to stick together, form- 
ing aggregates. These aggregates had a mica-like appearance and were 
characterized by “staircase” ends resulting from the adhesion of needles of 
varying sizes. Successive crops of crystals were collected by centrifugation 
dissolved in water with a drop or two of Nn HCl, and recrystallized by ad- 
justment of the pH to 8.2. After one recrystallization, two such prepara- 
tions had an average purity of 51 proteolytic units per mg. of N (Table ITT). 
These preparations still contained traces of the impurity. 

No failure was ever encountered in obtaining this crystalline product 
from the 1951 lot of Fraction III in the course of many preparations. The 
crystalline nature of the material was verified by examination under polar- 
ized light, both white and colored, which revealed the crystals to 
be strongly birefringent. The crystals were insoluble in distilled water. 
That the activity was associated with the crystals rather than the impurity 
which was present was shown by the fact that (a) only traces of amorphous 


? The fibrinolytic work was performed by Dr. E. E. Cliffton and will be reported 
by him in a separate communication. 
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material were present in preparations of high purity, and (b) successive 
crops of crystals, obtained at pH 8.2, were highly active, whereas the ac- 
tivity of the mother liquor decreased until no activity was measurable, 
although adjustment of the pH of this solution to 5.3 showed that amor- 
phous material was still present. 

The less pure product prepared from the more recently obtained Frac- 
tion III has not yielded the needle-shaped crystals in appreciable amounts 
since it has not yet been possible to remove the additional amount of im- 
purity which accompanies plasminogen in preparations from this material. 

Work is now in progress to free plasminogen of the remaining impurities, 
to determine optimal conditions for crystallization, and to obtain active 
plasmin in pure form. 


SUMMARY 


1. A simple, reproducible method for the purification of plasminogen 
from Fraction III is described. An increase in purity of 425-fold, as com- 
pared to serum, was obtained. 

2. Crystalline plasminogen was readily obtained from solutions of such 
highly purified material. 
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MECHANISMS IN ENZYMATIC TRANSAMINATION 
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REACTION AT EQUILIBRIUM* 
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At equilibrium, a reversible reaction is generally thought to proceed in 
both “directions” simultaneously and to proceed with approximately un- 
changed velocity constants for each reaction (1). In the case of a reversible 
enzymatic reaction at equilibrium, it is not clear whether the enzyme 
catalyzes the reaction in both “directions” simultaneously and whether it 
does so without change in either reaction velocity, or whether a given 
catalytic site on the enzyme is responsible for catalyzing the reaction in 
both “directions.” Foster and Niemann (2) have tested fitness to equa- 
tions of data obtained from measuring the rate of competitive hydrolysis of 
two substances by a-chymotrypsin, and conclude that their two experi- 
mental sets of values confirm the presence of a common catalytic site for 
the two competing substrates. In this publication their case appears to 
rest on these data and also on an assumption in the derivation of the equa- 
tions that the concentration of free enzyme is equal to the difference be- 
tween total enzyme concentration and the sum of the concentrations of 
enzyme combined with each substrate. Further information on the réle of 
the enzyme in this and other simultaneous reactions is needed to gain under- 
standing of the enzymatic mechanisms involved. 

Previous studies in this laboratory, with methods of demonstrated ac- 
curacy (3), have shown the quantitative effects of certain variables on the 
activity of transaminase in the reaction, L-aspartate + a-ketoglutarate 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and in part by the central iso- 
tope facilities supported by the Veterans Administration at the School of Medicine, 
The Johns Hopkins University. Presented before the Federation of American So- 
cieties for Experimental Biology and Medicine, April 30, 1951, Cleveland, Ohio. 

+t Submitted by Alfred Nisonoff to the Board of University Studies at The Johns 
Hopkins University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. Predoctoral Fellow of the Atomic Energy Commission in the Bi- 
ological Sciences. 
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z= t-glutamate + oxalacetate. It was found that the rate of transamina- 
tion for this reaction could be expressed by an equation based on the 
assumption of a three-step reaction mechanism (4). With this knowledge, 
it should be possible for either of these enzymatic reactions to make an 
accurate and direct comparison of the initial reaction velocity with the 
equilibrium reaction rate determined by labeling one substrate with iso- 
tope. 

Experimental Approach and Its Evaluation—Briefly, the experiments were 
carried out by adding enzyme to an equilibrium mixture of aspartate, 
a-ketoglutarate, oxalacetate, and glutamate labeled with N’®. After vari- 
ous time intervals the reaction was stopped, and in the aspartate isolated 
from the reaction mixture the ratio of N!® to N' was determined. 

The achievement of significant results requires the solving of certain 
problems involved in these procedures. The reverse reaction creates one 
of these because the retransfer of N' from aspartate back to the carbon 
chain of a-ketoglutarate can yield low values for the rate of N' enrichment 
of aspartate. This deviation was eliminated by estimating the initial rate 
of transfer of N’* to aspartate, beginning at zero time (3). In this way 
certain other possible sources of error such as decomposition of oxalacetate 
were made insignificant. Evidence that estimation of the initial rate was 
accomplished successfully may be drawn from (a) the fact that the reaction 
was stopped in each case before 1 per cent of the N'-glutamate had been 
converted to N!5-aspartate. This degree of conversion permits a maximal 
rate of transfer in the reverse direction which is less than 0.4 per cent of the 
forward rate. Further evidence may be drawn from (b) the fact that the 
points plotted on a graph, with the extent of transfer of N'!® and time as 
the coordinates, fall on a straight line passing through the origin ((3); Fig. 
4). 

Also necessary for the achievement of significant results, reported in 
later sections, is the satisfactory accomplishment of the following objec- 
tives: the precise estimation of the equilibrium constant under the experi- 
mental conditions, the determination of the effect on the reaction rate of 
enrichment of glutamate with N!®, the demonstration of no significant ex- 
change of N!® between labeled glutamate and unlabeled aspartate in the 
absence of enzyme, the isolation of aspartate free from significant con- 
tamination with glutamate, the arrest of the reaction completely in a small 
enough time interval, the separate measurement of both forward and re- 
verse initial reaction rates under conditions identical except for the absence 
of the “opposing” pair of substrates and the determination of the rate of 
spontaneous decomposition of oxalacetate in a mixture at equilibrium. 
The latter was reported earlier, together with other conditions which must 


be met (3). No sources of error or of unreliability were discerned, except 
those discussed. 
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Results 


Determination of Apparent Equilibrium Constant—Values which have 
been reported for the equilibrium constant, K, are tabulated. The values 
given are for the reaction written so as to represent a-ketoglutarate and 
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4 
MINUTES 
Fig. 1. Rate of transamination at the equilibrium point. Values for extent of 
transamination are calculated from the N! concentration in aspartic acid separated 
from reaction mixtures. Concentration of enzyme, 0.056 mg. per ml. Concentra- 
tions of substrates and other conditions as in Curve B, Fig. 2. 


aspartate as products. Green, Leloir, and Nocito (6) state that their value 
of K may be in error by 25 to 100 per cent. As indicated above, a wide 
range of possible values also was reported by Cohen (5). While Darling’s 
value (7) may be quite accurate, some error must have been introduced by 
the spontaneous decomposition of oxalacetate, which was not taken into 
consideration. In view of these factors a more reliable value for K under 
conditions of the rate experiment was needed. 

The experimental technique consisted in testing various mixtures until 
two were found which differed slightly in composition and had optical 
densities which changed in opposite directions when enzyme was added. 
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As a first approximation, the value of K lies between the values calculated 
from the known composition of each of the two mixtures. The spontaneous 
decomposition of oxalacetate necessitated a small correction to this estima- 
ted value, which will be described later. This technique appears to have 
the following advantages: (a) Each experiment is brief. A determination 
of the direction of change of optical density can be made within 5 minutes 
after oxalacetic acid is dissolved. This corresponds to an extent of decom- 
position of oxalacetate which is less than 3 per cent of the amount present; 
hence, the errors inherent in estimating this decomposition are negligi- 
ble (3). (b) The concentrations of all four substrates are accurately known; 
with the exception of oxalacetate, the initial concentration of each com- 
ponent is determined simply by the amount of that component put into 
the solution. The errors involved in analytical procedures are eliminated. 

In each experiment, a solution buffered at pH 7.4 and containing known 
amounts of a-ketoglutarate, aspartate, and glutamate was brought to 
temperature equilibrium at 37.5° in the spectrophotometer. A weighed 
amount of oxalacetic acid was then dissolved in buffer which was preheated 
to 37.5°, and contained enough sodium hydroxide to neutralize the oxalace- 
tic acid to pH 7.4. An aliquot of this solution of oxalacetate was added 
immediately to the absorption cell containing the other substrates. 3 
minutes after the oxalacetic acid was dissolved, an aliquot of a freshly 
prepared solution of enzyme in preheated buffer was introduced and a 
series of readings of optical density was taken. The time of addition of 
enzyme was considered as time zero. The concentration of oxalacetic acid 
present at time zero was calculated from its known rate of spontaneous 
decomposition (3). The data are shown in Fig.2. In Curve A, the optical 
density exhibits a definite initial increase. In Curve B it changes but 
slightly, while in Curve C it decreases. It thus would appear that the solu- 
tions corresponding to Curves A and C are on opposite sides of the equilib- 
rium point and that the equilibrium constant lies between the values 
calculated from the composition of each of these solutions. But the fact 
that oxalacetate decomposes spontaneously adds complexity to the in- 
terpretation of the data. It is necessary at this point to analyze the be- 
havior of the transaminase system at equilibrium. 

To simplify this discussion the following symbols will be defined: R; = 
the rate of formation of oxalacetate due to transamination; R. = the rate 
of removal of oxalacetate due to transamination; D = the rate of removal 
of oxalacetate due to spontaneous decomposition. When the transaminase 
system is at equilibrium, the rate of the forward reaction is equal to that of 
the reverse reaction; 7.e., R; = R.. Also at any given instant the net rate 
of formation of oxalacetate is (Ri — R2 — D).1 Since R; = R» when the 


1 If the concentration of oxalacetate is decreasing, this quantity will have a nega- 
tive value. 
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transaminase system is at equilibrium, the spontaneous net rate of forma- 
tion of oxalacetate at that time is (—D). Thus, the equilibrium state of 
the transaminase system is the condition characterized by a net instanta- 
neous rate of disappearance of oxalacetate which is equal to its rate of spon- 
taneous decomposition. Since the over-all rate of change of oxalacetate 
concentration is the quantity estimated spectrophotometrically, it is ex- 
perimentally possible to determine whether this rate, in a given mixture, is 
greater or less than the known rate of spontaneous decomposition. 

In each of the experiments, the results of which are plotted in Fig. 2, the 
rate of spontaneous decomposition of oxalacetate is 0.5 per cent per minute 
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Fig. 2. Change in optical density upon addition of enzyme to transamination mix- 
tures near the equilibrium point. Fig. 2 is divided into two sections separated by 
the dotted line. In each experiment, initial concentrations of glutamate and oxal- 
acetate were 1.00 um per ml. each. Initial concentrations of a-ketoglutarate and 
aspartate: Curve A, 3.00 um per ml. each; Curve B, 2.85 um per ml.; Curve C, 2.76 
uM per ml.; Curve D, 2.65 um per ml. Concentration of enzyme, 0.336 mg. per ml.; 
pH 7.4, t 37.5°, phosphate buffer concentration 0.033 mM, \ 280 mu. 


(3). This is equivalent to a rate of change in optical density of —0.0027 
unit per minute. The relation of the composition of a given mixture to 
that of a mixture at equilibrium can be determined by comparing its rate 
of change in optical density with the value, —0.0027 unit per minute. 

In Curve B, Fig. 2, the measured initial change of optical density was 
approximately zero; that observed in Curve C was —0.005 optical density 
unit per minute. Accordingly, the equilibrium constant lies between the 
values which result if the composition of each of the corresponding reac- 
tion mixtures is used to calculate K. The respective calculated values are 
8.12 and 7.62. Therefore, the equilibrium constant is 7.8 + 0.3. This 
value, of course, does not represent the thermodynamic constant, but this 
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does not impair the value of the determination for the purpose of preparing 
a mixture at equilibrium. 

Comparison of Rates of Reaction of N'*-Glutamate and Normal Glutamate 
with Oxalacetate—The possible effect of N'° on the reaction rate was tested 
by measuring spectrophotometrically in the presence of enzyme the initial 
rate of reaction of oxalacetate and glutamate labeled with N'®. Oxalacetic 
acid was dissolved exactly 3 minutes before each reaction was started by the 
addition of enzyme. The extent of decomposition of oxalacetate in the 
3 minute period was calculated by use of the known velocity constant of 
the decomposition (3). The initial rates of decrease in optical density are 
given in Table I. 


TABLE I 
Comparison of Rates of Reaction of N'°-Glutamate and Unlabeled Glutamate with 
Ozxalacetate 
| Mean initial rate of | 
Substrate reacting with oxalacetate Pe eo en Poe 
| min. X 102 
per cent 
L(+)-Glutamate (unlabeled)......................... | 20.8 Ee 
N'5-1(+)-Glutamate (8.2 atom % excess N!5)........ 19.8 1 Py 
(oO. * G& * eb.) Er ere ae 20.4 2.8 


In each experiment, concentration of oxalacetate = concentration of glutamate = 
1.00 um per ml. The experiments were carried out in triplicate. pH 7.4, ¢ 37.5°, 
phosphate buffer concentration 0.033 mM, \ 280 mz. 


Each value was obtained by measurement of the slope of a tangent con- 
structed to the optical density-time curve at its origin. Therefore, each 
value is a composite of the rates of decrease in oxalacetate concentration 
due to transamination and to spontaneous decomposition.2. The data show 
that the presence of N' in the glutamate molecule has little, if any, effect 
on the total rate of decrease in optical density. It is therefore concluded 
that its effect on the rate of transamination is also negligible. The alter- 
nate possibility is that the presence of N! affects the rates of transamina- 
tion and of oxalacetate decomposition equally, but in opposite directions; 
this seems highly improbable. 

Test of Method Used for Stopping Reaction—At the equilibrium point, the 
reaction was stopped by the simultaneous addition of ethanol and HCl; 
shortly thereafter the mixture was heated to boiling. The concentration 


2 In these experiments the rate of spontaneous decomposition is about 15 per cent 
of the rate of transamination. 
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of HCl after its addition was about 0.5 m; that of ethanol was 40 to 50 per 
cent by volume. While it seemed fairly certain that this method was 
effective, proof was considered necessary; therefore, the following tests 
were made. First, the ‘killing’ solution was added to a reaction mixture 
prior to the addition of enzyme. This mixture was identical in composi- 
tion with that of the solution to be used in measurement of the reaction 
rate at the equilibrium point. After addition of the enzyme, aspartic acid 
was isolated from the other nitrogenous constituents of the mixture by the 
procedure described later. The N' content of the glutamate in the re- 
action mixture was 8.15 atom per cent excess and that of the isolated as- 
partic acid was 0.003 atom per cent excess.* The small amount of isotope 
in the separated aspartic acid can readily be attributed to slight contamina- 


tion by glutamic acid. The data demonstrate that any errors introduced 


by transamination in the presence of ethanol and HCl are negligible. 

The effectiveness of the killing solution was also demonstrated by an 
experiment in which enzyme was added to a mixture of a-ketoglutarate and 
aspartate at 37.5° and pH 7.4. The progress of the reaction was followed 
in the spectrophotometer at 280 mu (3, 4). While the optical density was 
still increasing rapidly due to the formation of oxalacetate, appropriate 
quantities of ethanol and HCl were suddenly added to the absorption cell. 
No further increase in optical density was observed subsequent to this 
addition. In a corollary experiment, it was shown that, in the presence of 
the HCl and ethanol, the absorption coefficient of oxalacetic acid still 
greatly exceeds that of any other substrate in this system. Thus, any 
formation of oxalacetic acid after the addition of ethanol and HCl would 
have been accompanied by an increase in optical density. 

Test for Non-Enzymatic Transfer of N'*—It was necessary to know 
whether the exchange of N'® between glutamate and aspartate might occur 
through a non-enzymatic process. If it did, the rate of transfer in the 
presence of enzyme could not be used as a direct measure of transamination. 
The first experiment described in the previous section also served to illus- 
trate the absence of non-enzymatic transfer of isotope. Prior to the start 
of that experiment, the aspartate and N?°-glutamate were incubated to- 
gether for 2 hours in a solution at 37.5° and buffered at pH 7.4. The very 
slight concentration of N'® found in the aspartic acid (0.003 atom per cent 
excess) indicates that transfer of N!® in the absence of enzyme, if it occurs 
at all, is not significant in these experiments. 

Initial Rates of Transamination in Forward and Reverse Directions—To 

3 This value corresponds to a contamination of about 3 per cent by glutamic acid 


since, prior to the isolation of aspartic acid, the N!® content of the glutamic acid was 
reduced to 0.091 atom per cent excess by the isotope dilution technique. 
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compare the reaction velocity in the absence of products with the rate at 
equilibrium, initial rates of reaction in either direction were determined 
spectrophotometrically (4). The substances formed by the reaction were 
absent initially from the reaction mixture. Experimental conditions were 
otherwise the same as those given in Fig. 2. The rate of reaction in a mix- 
ture containing 1.00 um per ml. each of N'*-1(+-)-glutamate (8.2 atom per 
cent excess N!*) and oxalacetate was found to be 3.50 & 10-? um per ml. 
per minute (Table I). The rate of the reaction in a mixture containing 
2.85 um per ml. each of a-ketoglutarate and aspartate was found to be 3.80 
X 10-? uo per ml. per minute. The above value for the rate of reaction of 
N-glutamate with oxalacetate is corrected for the spontaneous decomposi- 
tion of the latter substrate. This decomposition does not affect the meas- 


ured initial rate of reaction of a-ketoglutarate with aspartate since no _ 


oxalacetate is present initially. 

Reaction Rate at Equilibrium Point—The reaction velocity at equilibrium 
was measured by methods outlined in the “Experimental” section. The 
extent of transamination was calculated from the values of N** concentra- 
tion in the isolated aspartic acid and in the glutamic acid originally present 
in the reaction mixture. These data are represented in Fig. 1, in which 
the extent of transamination is plotted against time. The slope of the 
resulting straight line is equal to the rate of reaction of N'*-glutamate with 
oxalacetate at equilibrium. Its numerical value is 0.91 X 10-2 uM per ml. 
per minute. 

It is now possible to evaluate the effect of the presence of products on 
the reaction rate at equilibrium. The initial rates of reaction of N'- 
glutamate with oxalacetate, determined spectrophotometrically, were given 
above. Except for the absence of products from the reaction mixture, all 
the conditions were identical with those maintained in measurements at 
the equilibrium point. The mean velocity in the spectrophotometric ex- 
periments was 3.50 X 10-? um per ml. per minute. Comparison of this 
value with the rate at equilibrium (0.91 X 10-*:\ um per ml. per minute) 
leads to the conclusion that the presence of a-ketoglutarate and aspartate 
in the mixture at equilibrium caused a reduction of 74 per cent in the rate 
of reaction of oxalacetate with glutamate. 

Conversely, it is also possible now to estimate the effect of the presence 
of N'°-glutamate and oxalacetate on the rate of reaction of a-ketoglutarate 
with aspartate. In these experiments the rate of reaction of N'*-glutamate 
with oxalacetate was the quantity determined by direct measurement under 
equilibrium conditions. However, at equilibrium the rates of the forward 
and the reverse reactions are the same. Therefore, we also know the rate 
of reaction of a-ketoglutarate with aspartate in the mixture containing all 
four substrates and can compare it with the rate determined spectrophoto- 
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metrically in the absence of glutamate and oxalacetate. The respective 
rates are 3.80 X 10-? um per ml. per minute in the absence of products and 
0.91 X 10-? um per ml. per minute at equilibrium. Thus the degree of 
retardation in the mixture at equilibrium is 76 per cent. 


EXPERIMENTAL 


Materials—The preparation of enzyme and the unlabeled substrates is 
described elsewhere (3). The tautomeric form of oxalacetate having the 
higher melting point was used. N'*-Glutamic acid was prepared by the 
following steps: (a) Synthesis of N'*-pi-glutamic acid according to Schoen- 
heimer and Ratner (8). To avoid any possible contamination by barium 
ion, an inhibitor of the enzyme, the product was isolated by precipitation 
at its isoelectric point from an alcohol-water mixture, instead of being pre- 
cipitated as the barium salt. The product contained approximately 60 
atom per cent excess N!®. (b) N'®-pt-Glutamic acid was acetylated by the 
method of Knoop and Oesterlin (9). (c) N1*-1-Glutamic acid was pre- 
pared from the acetylated pL compound by the enzymatic method of Fodor, 
Price, and Greenstein (10), was isolated by precipitation at its isoelectric 
point with ethanol, and was recrystallized once from an ethanol-water 
mixture and once from conductivity water. The product contained ap- 
proximately 60 atom per cent excess N! and nitrogen content (Kjeldahl) 
6.83 mM per gm.; calculated, 6.83. For a solution containing 26.0 mg. of 
the compound per ml. of 2 N HCl, ao = +32.0. This compares satisfac- 
torily with the value, a7 = +32.2, obtained under the same conditions with 
twice recrystallized Merck t-glutamic acid. N?*-L-Glutamic acid, found 
by paper chromatography to remain in the combined filtrates, was re- 
covered at a lower N!® enrichment by addition of unlabeled t-glutamic 
acid. It was precipitated at its isoelectric point from aqueous solution and 
recrystallized twice from conductivity water. The yield was 1.52 gm. con- 
taining 8.2 atom per cent excess N!®. The nitrogen content of this material 
was 6.76 mM per gm. (calculated, 6.79); for a solution containing 26.0 mg. 
per ml. of 2 N HCl, ag = +32.2. For twice recrystallized Merck, L-glu- 
tamic acid measured under the same conditions, a9 = +32.3. 


Methods 


Experiments for the determination of the reaction rate at the equilibrium 
point were carried out at 37.5° and pH 7.4. Solutions were 0.033 m with 
respect to total phosphate buffer (11). The reaction vessel was a beaker 
equipped with a stirrer and a thermometer which had been standardized 
against a resistance thermometer calibrated by the National Bureau of 
Standards. Each reaction mixture contained 1 um per ml. each of N!-1- 
glutamate and oxalacetate, 2.85 um per ml. each of L-aspartate and a-keto- 
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glutarate, and 0.056 mg. per ml. of enzyme. Oxalacetic acid was dissolved 
2 minutes before the time of addition of the enzyme. The known rate of 
decomposition of that substrate permitted quantitative estimation of the 
slight extent of decomposition which occurred in the 2 minute period. 
Enzyme was added with rapid stirring at time zero in the form of a freshly 
prepared, buffered solution at 37.5°.4 After the reaction had proceeded 
for the desired length of time, it was stopped by the simultaneous, rapid 
addition of HCl and ethanol. Since the “killing” solution was added to 
the entire reaction mixture, each experiment provided just one point on 
the reaction curve; in order to vary the time of reaction, an entirely new 
experiment was performed. 

To prove that the mixture was at, or very near, equilibrium during the 
period of reaction, an aliquot was removed immediately after the addition 
of enzyme and transferred to an absorption cell in the spectrophotometer 
where its optical density was measured as a function of time. Temperature 
in the spectrophotometer was maintained at 37.5°. From the observed 
changes in optical density it was calculated that, in each experiment, the 
shift in concentrations was less than 1.1 per cent of the total concentration 
of aspartate or a-ketoglutarate present. 

After stopping the reaction, the amount of aspartic acid present was 
doubled by the addition of a solution of a weighed amount of that substrate 
in 2 N HCl. This was done to facilitate isolation. Next, the isotopic 
glutamic acid in the mixture was “diluted” by the addition of enough un- 
labeled glutamic acid to reduce the N concentration in that amino acid to 
approximately the same level as that in the aspartic acid; in a typical ex- 
periment, 3.8 gm. of the unlabeled substrate were added to ‘‘dilute”’ the 33 
mg. of N'*-glutamic acid present in the mixture. Aspartic acid was then 
separated from the other nitrogenous constituents of the mixture as follows: 
(a) removal of most of the glutamic acid by precipitations as the hydro- 
chloride with dry HCl at 0°. These precipitations were carried out from 
successively smaller volumes of solution until analysis by paper chromatog- 
raphy (12) showed that the amount of glutamic acid present in the filtrate 
was approximately the same as that of aspartic acid. It was not found pos- 
sible to remove glutamic acid quantitatively by this method alone. (b) 
Repeated recrystallizations at the isoelectric point of aspartic acid from 
ethanol-water mixtures containing 40 to 80 per cent by volume of ethanol. 
Glutamic acid was found to be considerably more soluble than aspartic acid 
in such mixtures and the precipitates rapidly became richer in the latter. 
Recrystallizations were continued until paper chromatography indicated 
that the contamination by glutamic acid was less than 5 per cent. The 


4 The time required for complete mixing in starting and killing the reaction was 
visually estimated, by the use of a solution of a dye, to be less than 3 seconds. 
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degree of contamination was estimated by comparison with a standard. It 
was considered possible that some ammonia in the air might have dissolved 
in the mixture during the rather prolonged operations. To drive off any 
such ammonia, the solution was made alkaline, then evaporated to dryness 
as the final step. 

This method of isolation of aspartic acid insures removal of all but traces 
of the very small amount of enzyme initially present. Only high levels of 
isotope concentration in these traces could alter the observed reaction 
velocity significantly. This appears very unlikely. Also, any contamina- 
tion would increase the apparent reaction rate. None of the observed re- 
tardation can be attributed to error from this source. Mass spectrometric 
determinations were carried out under standard conditions and with a rela- 
tive error no greater than 3 per cent.® 


Conclusions 


The findings demonstrate that the apparent catalytic ability of the en- 
zyme system is greatly decreased in the presence of both forward and re- 
verse reactions. It is also true that the degree of retardation is about 
equal for each reaction at equilibrium and that the equilibrium point found 
agrees within the limits of experimental error with that expected from initial 
rate data. Previous knowledge has led to the conclusion that an enzyme 
is capable of acting upon a reversible reaction in both “directions” simul- 
taneously. It is also thought that, as a reaction approaches equilibrium, 
forward and reverse reactions each proceed with unchanging velocity con- 
stants. In this case the latter statement does not apply and superficially 
the former is to be questioned. 

The catalytic process may be considered in two parts: (a) the rate of ac- 
cess of substrates to active catalytic sites, and (b) the rate of the catalytic 
process for the molecules of substrate already engaged with the enzyme. 
The latter process corresponds to the third step in a previously proposed 
reaction mechanism (4) and involves the catalytic changes in the assumed 
enzyme-substrate complex after its formation. It does not seem likely that 
the rate of such a process is decreased by the other normal substrates in the 
equilibrium mixture. 

It would appear more probable that one pair of substrates interferes 
somehow with access of the other pair to the active catalytic sites. Simple 
interaction between any two of the four reactants cannot properly account 
for the findings because no such interaction is known, optical densities of 
mixtures are entirely additive (3), the concentration of glutamate and 
oxalacetate is insufficient through a simple equimolar interaction to pro- 
duce the observed retardation of the reaction rate of the opposite substrate 


5 Enns, T., and Barnes, F. W., Jr., unpublished data. 
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pair, and the interaction of substrates present in such different amounts 
would not seem likely to produce equal retardation in both forward and 
reverse directions. 

A plausible and simple hypothesis to explain the findings is that the 
opposing pairs of substrates interact with the same enzymatic sites and that 
either pair, when combined with a given site, effectively blocks combination 
of that site with the opposing pair. Such a hypothesis implies that the 
same catalytic sites catalyze both the forward and the reverse reaction, 
and that each such catalytic region combines with and releases either pair 
of substrates. 

Since retardation of either reaction at equilibrium is significantly greater 
than 50 per cent, it seems possible that combination with enzymatic sites 
may occur independently for each of the four substrates. If this resulted 
in the combination of glutamate and a-ketoglutarate, or of aspartate and 
oxalacetate with an enzymatic site, one might expect a transfer of the 
amino group between the two analogous carbon chains. 

Since either substrate pair seems capable of dissociation from the en- 
zyme, it would appear plausible also that for each substrate a certain frac- 
tion of the combinations with enzyme may fail to result in transamination 
and lead only to dissociation of the same molecule from the active site. 

The implications of the findings are being investigated further in this 
laboratory. 


The authors wish to thank Miss Sarah Henry for her many contributions 
of ideas and of assistance in this work. 


SUMMARY 


The little understood kinetics of enzyme reactions at equilibrium were 
studied for the glutamate-aspartate transaminase system by use of L-glu- 
tamate labeled with N'*. It was found that the initial rate of both forward 
and reverse reactions was decreased to a value which was 25 per cent of 
that measured for each reaction in the absence of the opposing pair of 
substrates. Possible interference on the part of each substrate with access 
of the other substrates to active enzymatic sites is discussed. The ap- 
parent equilibrium constant at 37.5° was found to be 7.8 + 0.3. 


Addendum—Since this paper was submitted for publication, Krebs (13) has found 
by other methods a value of 6.74 for the constant at 25°. 
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SEPARATION AND DETERMINATION OF RIBONUCLEOTIDES 
AND RELATED COMPOUNDS BY IONOPHORESIS ON 
FILTER PAPER* 
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(From the Department of Biochemistry and Nutrition, University of Southern 
California, Los Angeles, California) 


(Received for publication, September 15, 1952) 


The metabolic turnover of the nucleic acids and their constituent parts 
has been a subject of increasing significance during recent years. Such 
studies have been facilitated in this laboratory by the use of ionophoresis 
on filter paper. The usefulness of this technique is accentuated by the 
fact that very small amounts of material may be used, that actual physical 
separation is achieved, and that aqueous solutions are used in which ioni- 
zation phenomena may be controlled in such a way as to permit separa- 
tion of closely related compounds in a predictable manner. 

Filter paper ionophoretic methods have been described by a number of 
workers (e.g. Cremer and Tiselius (1), Durrum (2), Grassmann and Han- 
nig (3), Kunkel and Tiselius (4), McDonald et al. (5), Smellie and David- 
son (6), Strain and Sullivan (7), and Wieland and Fischer (8)). Applica- 
tion of this technique to nucleotide separation has been reported by Smellie 
and Davidson (6) and by Smith and Markham (9-11). In this laboratory 
a modified technique resembling that of Kunkel and Tiselius (4) has been 
used to define conditions under which the purines and pyrimidines, the 
pentose nucleosides, and the pentose nucleotides can be readily separated. 
This paper is concerned with the presentation of the pH-mobility curves 
of a group of purine and pyrimidine compounds, and the application of 
paper ionophoresis to the quantitative separation of the pentose nucleo- 
tides from small amounts (<0.5 gm.) of tissue. 


Methods 


Ionophoresis—The apparatus employed is shown in Fig. 1. The essen- 
tial features include a metal bar for support of the paper and for rapid 
heat dissipation, a polyethylene film insulating the paper strip from the 


* This work was supported in part by grants from the National Advisory Cancer 
Council of the United States Public Health Service and from the Committee on 
Growth, acting for the American Cancer Society. Some of the facilities were made 
available by the Allan Hancock Foundation. 

+ Predoctoral Fellow of the American Cancer Society. 

¢ Present address, Department of Biochemistry, University of Illinois College of 
Medicine, Chicago, Illinois. 
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bar and serving to prevent evaporation from the edges of the paper, a 
Lucite strip provided with a hole for introducing the sample overlying the 
filter paper, and a device for application of a pressure of 150 gm. per sq. 
cm. The use of this apparatus at low temperatures makes it possible to 
carry out ionophoretic separations at high potential gradients without 
overheating the paper strips. Connection of the buffer vessel with a Cu- 
CuSO, electrode vessel was made by means of KCl-agar bridges in order 
to prevent contamination of the papers with electrode products. 




















Fic. 1. Ionophoresis apparatus. 7, hole for introduction of sample; 2, copper 
electrode; 3, 1 m KCl-3 per cent agar bridge; 4, 5 per cent copper sulfate solution; 5, 
buffer solution; 6, } inch threaded rod; 7, wing nut; 8, washer; 9, compression spring, 
150 gm. per sq. cm.; 10, aluminum bar 1.3 X 1.3 X 5.2 em.; 11, glass plates to retain 
plastic sheeting; 12, polyethylene sheeting, 7.5 X 48 cm.; 18, filter paper, 3.5 X 52.0 
em.; 14, aluminum plate, 1.3 cm. thick; 15, Lucite plate, 3.8 X 45.7 X 0.3 cm.; J6, 
lock nut. 


Using this apparatus in a cold room at 5° with buffers of low ionic 
strength ([/2 = 0.03 to 0.10), we were able to obtain satisfactory migra- 
tion at potential gradients of 20 volts per em. It has been customary in 
this laboratory to run as many as twenty such strips simultaneously. 

For qualitative studies, buffers below pH 7 contained an equimolar mix- 
ture of the sodium salts of trichloroacetic, monochloroacetic, and acetic 
acids. Sodium tetraborate buffers were used above pH 7. For the quan- 
titative studies at pH 3.7, acetate buffers were employed. All buffers 
were adjusted to the desired pH by the addition of HCl. 

Strips of Schleicher and Schuell No. 598 or 589 green label filter paper! 
were wet with buffer of the desired pH and ionic strength, excess moisture 


1 No. 589 green label paper was found to have a lower content of extractable ultra- 
violet-absorbing material and was used for quantitative studies. 
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was removed by gentle blotting on fresh filter paper, and the apparatus 
assembled. After an equilibration period of 1 hour in a cold room at 5° 
with 1000 volts d.c. applied across the electrode vessels (approximately 
920 volts from end to end of the Lucite strip), the sample, contained in 
volumes from 0.001 to 0.3 ml., was introduced through the small hole in 
the Lucite plate. Electromigration was then carried out for 1 to 6 hours, 
depending on the mobility of the components under investigation. 

Disassembly of the apparatus was carried out very carefully in order to 
avoid smearing the zones, and the paper strips, held in a horizontal posi- 
tion, were dried at room temperature. 

Visualization of purine- and pyrimidine-containing compounds was ac- 
complished on the dried strips by means of an ultraviolet lamp,” the dark 
spot on the lighter background indicating the presence of the compound. 
For more exact localization of compounds and for detection of overlapping 
of adjacent components, it was sometimes useful to replace the cuvette 
carrier of a Beckman DU spectrophotometer with an adapter plate grooved 
to pass the paper strip. This plate, in contrast to those of Paladini and 
Leloir (12) and of Tennent e¢ al. (13), is not provided with spindles and the 
paper merely slides through the groove, indexing being accomplished by 
alignment of the edge of the adapter with dots previously placed on the 
filter paper. The regular light source of the instrument was replaced with 
a Mineralight lamp, the wave-length set to 253.7 mu, and the apparent 
optical density along the strip determined relative to that of a clean strip 
of paper. 

In order to eliminate uncontrolled variations, iodate ion and glucose or 
diphenylamine were added as internal standards. The mobility of iodate 
ion was essentially constant from pH 2 to 12 with a mobility of —14 + 
2.5 X 10-5 sq. cm. per volt per second. This value is about 40 per cent 
that of iodate ion in bulk solution at 5° and suggests a “length of path” 
correction of about 0.4 (Kunkel and Tiselius (4)). The apparent endosmo- 
tic mobility of glucose or diphenylamine varied from +0.5 to +2.0 X 10-5 
sq. em. per volt per second, depending on the pH. 

Mobilities, after correction for endosmosis, were measured relative to 
that of iodate ion and then expressed in absolute units, the value of —14 X 
10-° sq. cm. per volt per second being used for iodate ion. Basing the 
calculation of absolute mobilities on an internal standard in this manner 
eliminates the error due to variation in migration from run to run. 

Preparation of Hydrolysate of Ribonucleic Acid from Animal Tissue— 
Various animal tissues were fractionated according to the method of Rafel- 
son, Winzler, and Pearson (14), by use of trichloroacetic acid, ethanol- 


2 Mineralight, SL-2537, obtained from Ultra-Violet Products, Inc., South Pasa- 
dena, California. 
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ether, and chloroform-methanol extractions, to yield the “total protein- rib 
bound” phosphate fraction. This fraction was extracted three times at re] 
0° for 30 minutes each with 5 ml. of 0.2 n NaOH for every 100 mg. of col 
residue (15). Extraction is improved by homogenizing the residue at the act 
beginning of the first extraction in a Potter homogenizer. The extracts rol 


were pooled, adjusted to pH 8 with acetic acid, and 0.5 volume of 2 per 
cent lanthanum acetate and 1.5 volumes of cold ethanol were added. The 
precipitate was recovered by centrifuging after standing several hours in 
the cold and extracted twice by shaking for 2 hours at room temperature 
with 5 ml. of 0.5 M Na,CO; (15). The extracts were pooled, adjusted to 
0.3 N with NaOH, and incubated 15 to 24 hours at 37° to hydrolyze the 
sodium nucleates (16). A cation resin (Nalcite HCR, 100 mesh) was then 
added to neutralize the solution to pH 3.8 to 4.1 (16). The resulting 
solution was then evaporated to dryness with an air jet and dissolved in 
water to an approximate concentration of 5 mg. of mixed nucleotides per 
ml., this solution being employed for ionophoresis. 

Quantitative Analysis of Paper Strips—For the characterization and quan- 
titative estimation of nucleotides, the paper strips were cut into a number 
of sections so that one section corresponded to the central portion of each 
peak and the adjacent sections represented cross-contaminated regions be- 
tween peaks. The sections were weighed and eluted for several hours in a 
test-tube with 5 ml. of 0.01 m HCl, with occasional tilting of the tubes. 


The complete absorption spectrum of each was then determined in the es 
Beckman spectrophotometer and the concentration estimated from the Cu 
published extinction coefficients at 260 my (16). Eluates from blank det 
strips were also carried through the same procedure in order to correct for Cu 
the ultraviolet-absorbing material extracted from the paper. 2 
3 ml. aliquots were evaporated to dryness, digested with HNO;, and re- ol 
served for total phosphate determination by a modification of the method 5-n 
of Fiske and Subbarow (17). In this method, the acidity of the sample gui 
(containing 0.1 to 3.1 y of phosphorus per ml.) was adjusted to 0.6 N with tio 
H,SO,. 0.1 volumes of freshly prepared solutions of ascorbic acid (1 per ie 
. ° ° sin 
cent) and of ammonium molybdate (2 per cent) were added, with thorough ve 
mixing after each addition. The solution was then heated exactly 3 min- 
utes in a boiling water bath, cooled immediately to room temperature, and tin 
read either in a Klett-Summerson photoelectric colorimeter with a No. rie 
66 filter or in a spectrophotometer at 780 mu. The color is stable for at co 
least 100 hours. tic 
Results | 
m¢ 
pH-Mobility Behavior of Some Purines, Pyrimidines, and Their Deriva- ot! 
tives—Fig. 2 shows pH-mobility curves for a group of purines, pyrimidines, dit 
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ribonucleosides, and ribonucleotides. The values (relative to iodate) were 
reproducible to within +10 per cent. These curves facilitate definition of 
conditions for desired separations. Several useful separations that have 
actually been achieved are presented in Table I. The curves follow 
roughly the titration curves of the compounds, but in some cases show dis- 
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Fic. 2. Mobility, determined at pH 2.0, 2.8, 3.6, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 
11.0, and 12.0. A, purines and pyrimidines. Curve 1, cytosine; Curve 2, 5-methyl- 
cytosine; Curve 3, adenine; Curve 4, guanine; Curve 5, uracil; Curve 6, thymine; 
Curve 7, 5-nitrouracil; Curve 8, 5-aminouracil; Curve 9, orotic acid. B, uridine 
derivatives. Curve 1, uridine; Curve 2, 5-chlorouridine; Curve 3, 5-bromouridine; 
Curve 4, 5-formamidouridine; Curve 5, 5-hydroxyuridine; Curve 6, 1-methyluridine. 
C, nucleosides and nucleotides... Curve 1, cytidylic acid; Curve 2, adenylic acid; 
Curve 3, guanylic acid; Curve 4, uridylic acid; Curve 5, orthophosphate; Curve 6, 
cytidine; Curve 7, adenosine; Curve 8, guanosine; Curve 9, uridine. Cytosine, 
5-methyleytosine, 5-nitrouracil, 5-aminouracil, uridine, cytidylic acid, adenylic acid, 
guanylic acid, uridylic acid, cytidine, and adenosine were obtained from the Nutri- 
tional Biochemicals Corporation. Adenine, guanine, orotic acid, 5-chlorouridine, 
5-bromouridine, 5-formamidouridine, 5-hydroxyuridine, 1-methyluridine, and guano- 
sine were kindly supplied by Dr. D. W. Visser. Uracil and thymine were obtained 
from the Schwarz Laboratories, Inc. 


tinct deviations. The values obtained in the range above pH 8 were car- 
ried out in borate buffers, raising the possibility that the mobility of 
compounds containing ribose may have been altered, owing to the forma- 
tion of charged complexes with borate ion (18). 

Occasionally compounds giving the usual small symmetrical spots at 
most pH values yielded elongated spots, suggestive of heterogeneity at 
other pH values. This was true of uridine in alkaline range and of cyti- 
dine from pH 3.5 to 5.5, as shown by the shaded areas in Fig. 2. 
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Quantitative Studies on Nucleotide Separation—The quantitive separa- 
tion of the pentose nucleotides was carried out in an acetate buffer, ionic 
strength 0.030, pH 3.7. Mixtures of commercially available nucleotides' 
were analyzed ionophoretically at levels of 0.1 mg. of each nucleotide per 
strip. Mixed ribonucleotides from animal tissues, obtained as described 
above, and from yeast nucleic acid,‘ prepared by NaOH hydrolysis and 
cation exchange neutralization, were also analyzed with 0.5 mg. of mixed 
nucleotides per strip. The location of the nucleotides was determined by 
a Mineralight lamp, and the strips were cut into sections and eluted as 
previously indicated. In some cases the absorption at 253.7 mu along the 


TaBLE I 
Separation of Related Mixtures 





Compounds | Retire Compounds Retative 
Separation I, pH 3.7 Separation III, pH 2.3 
Orthophosphate | —0.80 Cytidine +0.70 
Orotic acid —0.69 Adenosine +0.47 
Uridyliec acid —0.53 Guanosine +0.20 
Guanylic acid —0.43 | Uridine 0 
Adenylic ‘ | —0.20 Separation IV, pH 2.8 
Cytidylic ‘ —0.08 | Cytidine +0.60 
Bases and nucleosides >0 Cytosine +0.90 
Separation II, pH 3.1 | Separation V, pH 2.8 
Cytosine | +0.87 | Adenosine +0.42 
5-Methyleytosine +0.76 | Adenine +0.74 
Adenine +0.67 | Separation VI, pH 2.8 
Guanine +0.35 | Guanosine +0.03 
Uracil | 0 | Guanine +0.43 


Orotic acid |  =O864 





strips was determined by the spectrophotometer with the adapter plate 
previously described. A representative curve is shown in Fig. 3 with an 
indication of the sectioning. 

The presence of a distended, apparently double peak, for guanylic acid 
(see Figs. 3 and 5) in the various hydrolysates is a somewhat variable find- 
ing both in yeast nucleic acid and that isolated from tissue. The absorp- 
tion spectra of these two peaks are the same and identical with that of 
guanylic acid. It appears likely that the double peak may be due to a 
partial separation of the two guanylic acid isomers described by Cohn 
(19, 20). The variability of the guanylic acid doublet may indicate that 
the relative mobilities of these components are sensitive to very small 


3 Obtained from the Nutritional Biochemicals Corporation. 
4 Obtained from the Schwarz Laboratories, Inc. 
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changes in pH not controlled in our routine technique, or that variations 
in the isolation procedure give rise to different proportions of these isomers. 
A small peak at the point of application was frequently observed in nucleic 
acid hydrolysates, and is due, in part, to insoluble material at the origin. 

Ribonucleotides from synthetic mixtures of commercial nucleotides and 
from yeast nucleic acid, rat liver, and a transplanted rat hepatoma® were 
separated, eluted, and analyzed by the procedures already described. The 
data for the central portion of each nucleotide peak are summarized in 
Table II, which shows that the ratio of absorption at 260 and 280 my is 
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OPTICAL DENSITY AT 2537 


sections/+—--2_ 4+ 34 __4__j_S_y_S_4 7 
+5 +-0-- -5 -10 -5 -20 -25 -30 
CM.FROM POINT OF APPLICATION 

Frq. 3. Apparent optical density at 253.7 my determined directly on a paper strip 
after ionophoresis of a mixture containing 0.1 mg. each of commercial cytidylic (C), 
adenylic (A), guanylic (@), and uridylic (U) acids. Sectioning of the strip is indi- 
cated below the curve, Sections 1, 3, 5, and 7 being considered pure nucleotides and 
the intermediate regions cross-contaminated mixtures. The peak N is a contaminant 
of the guanylic acid and may be guanine. Its movement was due primarily to en- 
dosmotic water movement. The small shoulder on guanylic acid (X) frequently is 
much larger when hydrolyzed nucleic acids are separated. Its absorption spectrum 
is identical with guanylic acid and may be due to a partial separation of guanylic 
acid isomers. 


(o) 





characteristic for each compound, and that the amounts of nucleotide 
present estimated from ultraviolet absorption and from phosphorus analy- 
sis were in close agreement. 

An ionophoretic strip of nucleotides from mouse liver was cut into 1 
cm. strips, eluted, and the optical density at 260 and 280 my determined. 
Fig. 4 gives the optical density at 260 my and the ratio of absorption at 
260 and 280 mu and shows good separation and purity of each nucleotide 
component. 

Application of the separation procedures to minces of mouse lymphoma® 
incubated for 6 hours with radioactive phosphate is shown in Fig. 5. It 
is clear that the nucleotide peaks represent single pure components, well 


5 Obtained from Dr. H. P. Morris, National Cancer Institute. 
6 Strain L1210 carried in dba mice. 
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separated from orthophosphate as well as from other phosphorus-contain- 
ing compounds. 
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CM. FROM POINT OF APPLICATION 
Fic. 4. An ionophoretic strip with 0.5 mg. of mouse liver ribonucleotides was cut 
into 1 em. sections, eluted, and the optical density at 260 and 280 my of the eluates 
determined. The heavy line represents optical density at 260 my, and the lighter 
line the ratio of optical densities at the two wave-lengths. The shaded areas corre- 
spond to +2 standard errors taken from Table II. See legend to Fig. 3 for expla- 
nation of symbols. 
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Fig. 5. An ionophoretic strip with 0.5 mg. of mouse lymphoma ribonucleotides 
from an incubation in vitro with radioactive phosphate surveyed directly both for 
ultraviolet absorption at 253.7 my and for radioactivity. The shaded areas represent 


the radioactivity in counts per minute over background. See legend to Fig. 3 for 
explanation of symbols. 


lhe amount of each nucleotide present on ionophoretic strips could be 
determined by adding that present in the pure central portion of each peak 
to that present in the cross-contaminated portions of the strips. This 
latter value is calculated from the ratios at 260 and 280 my by solution of 
a simultaneous equation. From these values the molar ratios of the nuc- 
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leotides obtained from each strip could be calculated. This procedure was 
applied to separated nucleotides from yeast, rat liver, and transplanted 
rat hepatoma. The results, shown in Table III,’ agree reasonably well 
with those presented by other investigators (16, 22, 23). 


TaBe III 


Molar Relationships of Ribonucleotides from Various Sources (Relative to Adenylic 
Acid As 10) 

















Yeast nucleic acid (4)* Rat liver (3) | sony he 
Cytidylic acid...........) 7.7 403f | 1.8403 | 11.240.4 
Adenylic acid............ xt “16 | 10 10 
Guanylic “ ............ | 12.3 + 0.4 17.9+01 | 18.14 1.1 
eyes 8 ob. tare | 87402 | 92406 | 9240.6 
Puri | | 
> ESE one 1.36 | 1.88 1.38 


Pyrimidine | 





* The figures in parentheses represent the number of experiments. 
¢ Standard error of the mean. 





DISCUSSION 


The data that have been presented show that the purines and pyrimi- 
dines, their nucleosides and their nucleotides, and mixtures of these com- 
pounds may be separated ionophoretically on filter paper by the present 
method. The application of this method to the separation of the nucleo- 
tides from yeast nucleic acid and from certain animal tissues has indicated 
that nucleotides of high purity can be separated from less than 1 mg. of 
nucleic acid derived from 100 to 500 mg. of tissue. This procedure has 
been successfully applied to nucleotides from rat liver, hepatoma, and 
kidney, and from mouse brain, liver, thymus, and lymphoma, and has 
provided a technique sufficiently sensitive for studies of nucleotide turn- 
over in vitro. Smellie and Davidson (6), using ionophoretic separation, 
have already reported on the phosphorus turnover of ribonucleotides in 
vivo, and somewhat similar studies in vitro are currently being carried out 
in this laboratory. 

It is apparent that the paper ionophoretic techniques described here are 
suitable for the quantitative separation, not only of ribonucleotides, but 
also of desoxyribonucleotides, the smaller nucleic acid fragments, and any 
other crystalloid ions which can exhibit differential mobility. 

It should be emphasized, however, that this method is not a substitute 
for the ion exchange separations described by Cohn (24) for such com- 

7 After this paper had been submitted for publication, the papers of Davidson and 


Smellie (21) appeared, showing excellent agreement with Table III and other data 
in this paper. 


pour 
sis O 
men 


A 
thei 
thei 
am 
eral 
sepe 
yeas 
purl 
the 


i 
by | 


Li. 
18. 
19. 
20. 
21. 


99 








YUM 


iS 











W. C. WERKHEISER AND R. J. WINZLER 981 


pounds, but is rather an extension of available procedures, allowing analy- 
sis of smaller amounts of material and permitting a larger number of experi- 
ments to be carried out in a given time. 


SUMMARY 


A detailed procedure for the separation of purine and pyrimidine bases, 
their ribosides and their ribonucleotides, has been developed, based on 
their ionophoretic behavior on filter paper strips. .pH-mobility curves for 
a number of such compounds have been obtained, and conditions for sev- 
eral useful separations defined. The procedure has been applied to the 
separation of ribonucleotides from less than 1 mg. of nucleic acids from 
yeast and several animal tissues, and was found to give compounds of high 
purity, suitable for tracer applications, and to permit the determination of 
the molar ratios of the individual nucleotides. 


The authors gratefully acknowledge the contributions made to this work 
by Harold Frankl, Grant G. Slater, and Albert D. Williams. 
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The possibility that heptoses and their esters may be intermediates in 
various metabolic processes in animal and plant tissues suggested that 
sensitive color reactions should be developed for their detection and micro- 
determination. The present report’ deals with such reactions and their 
application to quantitative analysis. 


EXPERIMENTAL 
General Reactions of Heptose 
Reactions of Heptose with Orcinol 


All heptoses produce with orcinol in dilute HCl two characteristic colored 
compounds which differ greatly in their absorption spectra. Three differ- 
ent modifications of this reaction were found useful. 

Procedure 1—To 2 cc. of a solution containing 20 to 100 y per cc. of 
ketoheptose or 5 times as much of an aldoheptose is added 0.4 cc. of con- 
centrated HCl, sp. gr. 1.19, in a test-tube with a ground glass stopper, and 
the mixture is immersed for 1 hour in a boiling water bath. Then 0.4 cc. 
of a solution of 13 mg. of FeCl;-6H.O in 100 ce. of 2 N HCl and 0.15 ee. 
of a 6 per cent solution of orcinol in ethanol are added to the sample. A 
blank containing water instead of the unknown is run simultaneously. 
The tube is submerged for exactly 3 minutes in a boiling water bath. A 
bluish purple color appears in the heptose solution. The solution is then 
diluted with an equal amount of distilled water. The color becomes a 
reddish purple. 

Procedure 2—The bluish purple reaction mixture obtained after 3 min- 
utes heating with orcinol is diluted with double its volume of either ethanol 
or glacial acetic acid. In this case the bluish purple color changes to green- 
ish blue. If the mixture diluted with glacial acetic acid is further heated 
for 15 minutes in a boiling water bath, the intensity of the bluish green 
color increases. 

Procedure 3—The heptose solution (2 cc.) is heated and mixed with FeCl; 
as in Procedure 1; 4 cc. of glacial acetic acid and 0.15 cc. of 6 


* This work was supported by a grant of the Rockefeller Foundation. 
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per cent orcinol in ethanol are then added, and the mixture is heated for 
15 minutes in a boiling water bath. The same greenish blue color as in 
Procedure 2 appears. 

Specificity of Three Orcinol Reactions'—v-Gala-L-gala-octose, D-gluco-L- 
gala-octose, 7-desoxy-L-manno-L-gala-heptose, hexose, pentose, and tetrose 
nor triose have been found in Procedures 1 and 2 to give either the purple 
or the greenish blue color yielded by heptose. Ketohexoses in concentra- 
tions exceeding 100 y per cc. produce a red color which does not change 
after addition of either ethanol or glacial acetic acid. As other sugars give 
a weak and uncharacteristic brown color, there will, in general, be no inter- 
ference from other sugars when the orcinol reaction is carried out according 
to Procedure 1 or 2. On the other hand, Procedure 3, which has the ad- 
vantage of producing a higher intensity of color, is much more influenced 
by other sugars. Pentoses readily give the green color, with an absorption 
maximum at 670 my, and hexoses, especially ketohexoses, produce an in- 
tense brown color. In this case the detection of heptose is possible only by 
examination of the absorption curve. 

Absorption Spectra—The purple color obtained after 3 minutes heating 
before and after addition of water shows an absorption maximum at 560 to 
565 my (Fig. 1). The maximum shifts to 620 mu after addition of ethanol 
and is found at 610 to 615 my after addition of glacial acetic acid. The 
red color obtained with ketohexoses has an absorption maximum at 530 
mu. 

Effect of Alkali on Orcinol Reaction of Heptose—The product which is 
formed during 1 hour’s heating in 2 N HCl alone, and which produces in 
Procedure 2 the greenish blue color with glacial acetic acid, is alkali-labile. 
If, therefore, the heated acid solution is made alkaline (0.1 N), heated for 
3 minutes at 100°, then acidified again (2 N) with HCl, it yields in Procedure 
2 only 50 to 60 per cent (depending on the nature of the heptose) of the color 
obtained without treatment with alkali. The determination of this char- 
acteristic property can serve to confirm a tentative identification of heptose. 

Reaction with Sulfuric Acid. Procedure—To 1 ce. of solution, containing 
20 to 100 y per ce. of heptose, are added, with cooling in ice water, 4.5 ce. 
of a mixture of 6 parts of H2SO, and 1 part of water. After 1 minute the 
mixture is shaken and held for successive 3 minute periods at 0°, at 20-25°, 
and at 100°. It is then cooled to room temperature. A weak brownish 
color appears. 


1 The author is greatly indebted to Dr. C.S. Hudson and Dr. Nelson K. Richtmyer 
of the National Institutes of Health, Washington, D. C., for samples of all heptoses 
used in this investigation, and to Dr. Melvin Calvin of the University of California 
for a sample of sedoheptulose. 
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Absoi piton Spectra—The brown compound produced by the action of 
H.SO, alone has an absorption maximum between 400 and 405 my and a 
minimum at 350 my (Fig. 2). With 25 y per cc. of sedoheptulosan the 
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Fic. 1. Absorption spectra in the orcinol reaction of sedoheptulosan (0.01 per 
cent) in dilute HCl. Curve I, after dilution of the reaction mixture with water; 
Curve II, after dilution with glacial acetic acid. 





optical density at 400 my is 0.38 (light pathway 1 cm.) (Fig. 2). As can 
be seen in Fig. 2, aldoheptoses as well as ketoheptoses give absorp- 
tion curves with the same maximum, although the curves do not always 
completely coincide at lower and higher wave-lengths. The optical den- 
sities at 400 mu from equimolar solutions of various heptuloses differ by no 
more than about 50 per cent. Aldoheptoses in general show weaker ab- 
sorption and wider differences. 
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Reaction with Cysteine and Sulfuric Acid?. Procedure—To th: it action 
mixture obtained on heating heptose with sulfuric acid as described above, 
0.1 ce. of a 3 per cent solution of cysteine hydrochloride is added and the 
solution vigorously shaken. An intense orange color appears, which slowly 
changes to a pink of increasing intensity. 
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Fie. 2. Absorption curves of the breakdown products of various heptoses in 82 
per cent H.SO,. Curve I, idoheptulosan 0.005 per cent; Curve II, sedoheptulosan 
0.002 per cent; Curve III, guloheptulosan 0.002 per cent; Curve IV, a-glucoheptose 
0.0025 per cent. 





Absorption Spectra—After addition of cysteine, Dioo begins to decrease 
and a second absorption maximum at 430 to 440 mu soon appears (Fig. 3). 
This maximum corresponds to the orange reaction product. When the 


* At the time this work was planned and prepared, the author was informed by 
Dr. M. Jesaitis and Dr. W. F. Goebel of the Rockefeller Institute, that, using the 
cysteine-H,SO, reaction for the determination of hexose on a bacterial polysac- 
charide preparation, they observed a purple color with an absorption maximum at 
510 mp. They suggested that this colored compound may be produced by heptoses. 
The author is greatly indebted to Dr. Jesaitis and Dr. Goebel for this information. 
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subsequent transformation of this product into the pink compound is com- 
plete, the absorption curve shows a maximum at 506 to 510 my which re- 
mains unchanged for days. 

Specificity of Reaction—It was previously reported (1) that pentoses, 
hexoses, and methylpentose, when heated with H,SO, under conditions of 
the reaction for heptose, produce furfural or its corresponding homologues 
which are stable at room temperature in the H,O-H.SO, mixture. These 
compounds show absorption maxima between 305 and 330 mu. Their 
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Fig. 3. Absorption spectra of various heptoses in the reaction with cysteine and 
H,SO,. Curve I, idoheptulosan 0.005 per cent; Curve II, sedoheptulosan 0.0025 
per cent; Curve III, a-glucoheptose 0.0025 per cent. 


absorption at 400 my, where the breakdown product of heptose (probably 
hydroxyethylfurfural or a product of its polymerization or condensation) 
has its maximum, is negligible. After addition of cysteine, new reaction 
products with absorption maxima between 390 and 415 my appear. They 
seem to be analogous to the orange compound formed from heptose, 
having absorption maximum around 430 my. The products from pentose 
and hexose are unstable and, when the reaction mixtures stand at room 
temperature, they are transformed into purple (in the case of pentose) and 
blue (in the case of hexose) substances with absorption maxima at 540 and 
600 mu, respectively. These transformations apparently are analogous to 
the reaction involved in the shift of the absorption maximum from 430 to 
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510 my observed with solutions of heptose. Similar changes occur with 
7-desoxyheptose and octoses. The secondary reaction products in these 
cases, however, show only weak yellow colors. 

Reaction of Heptose with Diphenylamine and HCl. Procedure—To | ce. 
of the solution containing 20 to 100 y per ce. of a heptulose or 50 to 250 y 
per cc. of aldoheptose are added 2 cc. of a reagent prepared by mixing 10 
cc. of a 10 per cent solution of diphenylamine (twice recrystallized from 70 
per cent ethanol) in absolute ethanol with 90 ce. of glacial acetic acid 
(Baker’s Reagent) and 100 cc. of concentrated HCl (e.p.). The mixture 
is heated for 10 minutes in a boiling water bath. A purple color appears, 
which is stable for days. A blank prepared with 1 cc. of H,O instead of 
heptose solution gives only a faint greenish tint. 

Specificity of Reaction and Absorption Spectra—All carbohydrates pro- 
duce colored compounds with the diphenylamine reagent (2), although of 
very unequal intensity. Hexoses produce a blue color, with two absorp- 
tion maxima at 635 and 520 my and a minimum at 560 mu. Pentoses and 
tetroses give a greenish yellow color, trioses a yellow, and glycolic aldehyde 
a green color. Hexuronic acids produce a brown-red color, with an absorp- 
tion maximum at 520 to 522 my and a second absorption maximum in the 
violet part of the spectrum. The red component fades slowly at room tem- 
perature and the final pure brown color is obviously different from the 
bluish purple given by heptose, which shows a sharp maximum at 560 
mu. 2-Desoxypentose in desoxyribonucleic acid produces a blue color, 
with two absorption maxima at 600 and 520 mu. As can be seen from the 
last column in Table V, the shape of the absorption curve from heptose 
varies somewhat with the concentration of the sugar, and hence the ratio 
D560: D635 is lower with more dilute solutions. 

Color Reactions of Heptose with Carbazole and H,SO,—All carbohydrates 
are known to react with carbazole and sulfuric acid (3), and it has been 
shown that not only can this reagent differentiate between various types of 
saccharides but serve for quantitative determinations. The modification 
of the reaction described by Gurin and Hood (4), widely used for tentative 
identification of hexoses, gives a very characteristic orange color for aldo- 
and ketoheptoses, with an absorption maximum at 490 my. Although 
the color is very intense, the usefulness of this reaction is probably 
restricted to highly purified heptoses because of strong interference from 
practically all other carbohydrates. 


Differentiating Color Reactions for Ketoheptose and Aldoheptose 


Color Reaction of Ketoheptose with Phloroglucinol—A mixture of 2 cc. of 
a solution of ketcheptose containing 50 to 200 y per cc. with 0.4 cc. of 
concentrated HCl (sp. gr. 1.19) is heated in a test-tube with a ground glass 
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stopper for 1 hour in a boiling water bath and cooled to room temperature 
in tap water. 4.8 cc. of glacial acetic acid and 0.2 ce. of a 5 per cent solu- 
tion of phloroglucinol in ethanol are then added and the reaction mixture 
is heated for exactly 60 seconds in a boiling water bath and then cooled 
to room temperature. A blank containing water instead of the heptulose 
solution is run simultaneously. The heptulose solution shows a green 
color, having an absorption maximum at 635 my, which gains in intensity 
after standing at room temperature and later fades very slowly. It is still 
clearly visible after 16 hours. 

Specificity of Reaction—Aldoheptoses in a concentration of 200 y per ce. 
show a brown color, with a maximum at 635 my and another in the blue 
region of the spectrum. Methylpentoses, aldo- and ketohexoses, and pen- 
toses show uncharacteristic yellow to brown colors, with absorption maxima 
in the blue region. These colors fade more rapidly than the green color 
derived from heptulose. The latter therefore can still be easily recog- 
nized, even when twice as much fructose for example is present in solution, 
especially if the reaction mixture has stood overnight at room temperature. 

Differentiation between Aldo- and Ketoheptoses by Orcinol Reaction of Bial, 
According to Procedure of Dische and Schwarz (5)—1.5 ce. of a solution of 
aldo- or ketoheptose containing 10 to 25 y per cc. of the sugar are mixed 
with 3 ec. of a mixture of 100 cc. of concentrated hydrochloric acid and 
0.5 ce. of a 10 per cent solution of FeCl;-6H.20 and 0.2 of a freshly prepared 
6 per cent solution of orcinol (Eastman, twice recrystallized from benzene). 
A blank containing water is run simultaneously. The reaction mixture is 
immersed for exactly 3 minutes in a boiling water bath and then cooled 
to room temperature. The solutions of aldo- and ketoheptoses show a 
dirty green color. The absorption curves, measured against the blank, all 
have maxima between 585 and 595 mu. The samples, after being read 
on the spectrophotometer, are again immersed for 17.5 minutes in a boiling 
water bath and cooled to room temperature, when the solutions from heptu- 
loses appear purplish, whereas the solutions from aldoheptoses show various 
shades of green. The changes in the absorption maxima of the solutions 
as compared with those observed after 3 minutes heating are shown in 
Fig. 4. With heptuloses the absorption maximum shifts to 560 to 570 
mu; with aldoheptoses shifts occur towards the longer wave-lengths but 
the absorption maxima for various aldoheptoses are not identical. 
a-Gluco-, a-manno-, and a-guloheptose now show absorption maxima at 
660 to 665 mu, a-galaheptose maxima at 610 and 665 my, and 6-glucohep- 
tose at 600 mu (Fig. 4). In the case of 6-glucoheptose the slope of the 
curve is slight between 600 and 665 my and the curve is horizontal between 
650 and 665 mu. The differences in position of the maxima from aldo- 
heptoses are probably due to the formation of two different colored com- 
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pounds, one with a maximum around 660 my and the other at a shorter 
wave-length, the relative amounts of these products apparently varying 
with the nature of the aldoheptose. 
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Fic. 4. Absorption spectra of various heptoses in the Bial reaction after 20 min- 
utes heating. Concentration of all sugars, 0.005 per cent.. Curve I, a-mannohep- 
tose; Curve II, mannoheptulose; Curve III, a-galaheptose; Curve IV, galaheptulose; 
Curve V, a-guloheptose; Curve VI, sedoheptulosan; Curve VII, «-glucoheptose; 
Curve VIII, 6-glucoheptose. 


Differentiation among Various Heptoses 


As can be seen in Tables I to V, some of the heptoses differ considerably 
from others in the color reactions described here. In the reaction with 
cysteine the differences in the extinction coefficients between heptuloses are 
not very marked, the greatest being 50 per cent between ido- and sedo- or 
guloheptulose. Among the aldoheptoses, however, a-mannoheptose and 
a-galaheptose have much lower extinction coefficients than does a-gluco- 
heptose, which does not differ significantly from that for glucoheptulose. 
This difference between a-mannoheptose and a-galaheptose and a-gluco- 
heptose is also observed in the diphenylamine and orcinol reactions in 
dilute acid. In the Bial reaction after 20 minutes heating, on the other 
hand, in spite of differences in the form of the absorption curve, the opti- 
cal densities of equimolar solutions at 665 my do not show differences com- 
parable with those in the other reactions. 
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a-Gala- and a-mannoheptose can therefore be differentiated from a-glu- 
coheptose by the ratio of optical densities from equimolar amounts in the 
Bial and in the cysteine reactions. Among heptuloses there are also marked 
differences in the ratios of the extinction coefficients in the orcinol and 
cysteine reactions, respectively. For example, galaheptulose has a higher 
extinction coefficient than glucoheptulose in the orcinol reaction and a lower 
one in the cysteine reaction, while idoheptulose shows one-third as high 
an absorption maximum as glucoheptulose in the orcinol reaction according 
to Procedure 2, but only 20 per cent less in the cysteine reaction. These 
differences can be used not only for differentiations of these heptuloses, but 
for the quantitative estimation of two of them simultaneously. The differ- 
ences between the other three heptuloses hitherto investigated are less 
pronounced, and no difference in reactivity has been established between 


TaBLeE [ 


Comparison of Optical Densities of Solutions of Various Heptoses in Orcinol Reaction 


Concentra- Density after 3 min.* Density after 18 min.* 
Heptose tion, mg. per _ Cee eee TE Ss cenpaigtics 
100 cc. | 610 mu | 564.:mu | 655 mp | 610 mp | 564 mp | 655 mp 

a-Glucoheptose.... 4 72 | 46 46 196 124 122 
Glucoheptulose.... 4 190 121 121 370 241 235 
Mannoheptulose... 4 163 | 100 108 302 194 186 
Galaheptulose... 4 231 | 138 | 140 

Sedoheptulosan. .. 4 134 84 84 327 204 201 
Guloheptulosan....... 4 166 105 106 359 234 227 
Idoheptulosan......... 10 





116 7% O71 258 169 162 


* All values of optical densities multiplied by 1000. 


gulo- and sedoheptuloses. These two heptuloses, however, can be easily 
differentiated by paper chromatography according to the method of 
Bevenue and Williams (6). 


Quantitative Determination of Heptose in Presence of Other Sugars 


Of all the reactions described in this report only three, namely the orcinol 
reaction according to Procedure 2, the cysteine reaction, and the diphenyl- 
amine reaction, promise to be useful for the quantitative determination of 
heptose in presence of other sugars. 

The orcinol reaction, according to Procedure 1, appears less useful be- 
cause of the considerable deviation from proportionality. The same is 
true of the Bial reaction, in which the absorption curve of heptose is dis- 
torted in the presence of other sugars. The orcinol reaction according to 
Procedure 3 and the carbazole reaction have the disadvantage that other 
classes of saccharides yield colors of considerable intensity, although differ- 
ent in quality from those produced by heptoses. 
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Determination by Orcinol Reaction—The difference in the optical densities 
at 610 and 530 my should be used as a measure of the concentration to 


TaBie II 


Influence of Concentration and of Presence of Other Sugars on Orcinol Reaction of 
Sedoheptulose after Heating 3 and 18 Minutes 








| ‘Deo — Dsso X 
Concentra-| D610 X 1000 | Dsso X 1000 ‘an 
Experiment No. Sugar | tion, mg. | 

per 100 cc. | ~ se = 


| \3 min. 18min. 3 min. 18 min.'3 min. 18 min. 











I | Sedoheptulosan | 5.4 | 194 | | 80 | 114 
8 10.8 | 358 | 137 221 
II | < 2.0 | 165 61 105 
ye 40 | 134 | 322] 56/117] 78 | 205 
sk: |. 820 | 270 | 633 | 110 | 230 | 160 | 403 
IITa x { 470 | 151 | 382 | 49 102 
IITb | Fructose 15.0 | 16 | 14 
IIIc 2 + adenosine-5- | 15.0 24 | 22 
phosphate | 30.0 | | 
(a + b) | 169 | 67 102 
(a + c) | | 182 | | 78 | 104 
Tas_e III 


Comparison of Optical Densities of Solutions of Various Heptoses in H2SO, and in 
Cysteine Reaction 





Experiment Heptose (2.5 mg. per 100 cc.) | Paarl " - one sam , we — 
a . oe X 1000 |Dso X 1000 |Dsso X 1000 | 

| | hrs. 
I | Sedoheptulosan | 384 626 301 325 | 24 
Guloheptulosan 412 694 362 | «= 362 24 
Idoheptulosan 264 413 200 213 24 
a-Glucoheptose 294 470 225 255 24 
Il | a | 456 206 250 20 
a-Mannoheptose 149 73 76 20 
a-Galaheptose | 97 49 | 48 20 
Glucoheptulose | 540 240 300 20 
| Mannoheptulose | 431 195 | 236 20 
Galaheptulose | 539 239 300 20 
Sedoheptulosan | 562 256 306 20 





achieve greater accuracy of the determinations and to eliminate interference 
from other sugars. As can be seen from Table II, the Deio — Ds30 of 
solutions of various concentrations lies on a straight line which intersects 
the ordinate at a point corresponding to an optical density of no more than 
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0.01. This small deviation can be easily corrected without significant in- 
crease in the accuracy of the determinations by subtracting 0.01 from values 
for optical densities of the unknown and the standard. Hexose and pen- 
tose in twice as high concentration as that of heptose show very small ab- 
sorption at 610 and 530 my. Dei — Dszo for these sugars is negligible, 
and the presence of such amounts of these saccharides does not influence 
the optical density produced by heptoses. 




















TaBLe IV 
Influence of Concentration and of Presence of Other Sugars on Cysteine Reaction of 
Heptose 
Experi- § | Concentra- | x , P Daal= ie 
Pag ugar eis ‘sos X 1000 sso X 1000 xX 1000 
I Sedoheptulosan 1.25 294 | 140 154 
ae | 2.5 570 | ~ 271 299 
$ | 5.0 | 1116 524 592 
II r 1.25 | 292 141 151 
‘ 2.5 551 259 | 292 
IIIa as | 2.5 521 247 274 
IIIb se | 2.5 | | 
+ glucose | 2.5 | 820 | 265 | 256 
IIIe | Glucose |} 2.5 | 46 | 40 6 
IlId | Sedoheptulosan | 1.28 | 272 127 145 
IITe " | 1.25 | 276 143 133 
+ glucose | 2.5 | 
IVa a 2.5 | 545 271 274 
IVb | Fructose 2.5 30 27 3 
IVe | Sedoheptulosan 2.5 
+ fructose 2.5 554 | 290 | 264 
IVd | Yeast adenylic acid 5.0 4 6 —% 
IVe “4 f as 2.5 563 288 | 275 





| + sedoheptulosan | 


Determination by Cysteine Reaction—The reaction with cysteine is more 
sensitive than is the orcinol reaction. The difference in the optical den- 
sities between 510 and 540 my should be used for quantitative determina- 
tions, as this difference is negligible for hexoses and pentoses in concentra- 
tions twice that of heptose. As can be seen in Table III, the optical 
densities corresponding to various concentrations lie on a straight line 
which intersects the ordinate at a point corresponding to an optical den- 
sity of 0.008. This value therefore has to be subtracted from the optical 
densities of the unknown and standard. Although the Dsio — Ds30 pro- 
duced by hexoses is negligible, the presence of these sugars somewhat de- 
presses the differential value due to heptose. It can be seen from Table 


a) 
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IV, however, that this depression in per cent of the total density is the 
same for various concentrations of heptose. The disturbance due to the 
presence of hexose, therefore, can be completely eliminated by the use of 
an internal standard. 

Determination by Diphenylamine Reaction—In the diphenylamine reac- 
tion the optical density at 560 my can be used only for approximate esti- 
mation of heptose because, for unknown reasons, it seems impossible to 


TABLE V 


Optical Densities in Diphenylamine Reaction of Various Heptoses and Their 
Dependence on Concentration of Sugar 








— | Substance — Dseo X 1000 |Deas X 1000 as X 1000 
perec. | si 
I | a-Glucoheptose 200 382 200 1.9 
| a-Mannoheptose 200 48 35 1.4 
| a-Galaheptose 200 111 77 1.44 
Glucoheptulose 200 445 233 1.84 
Mannoheptulose 200 638 298 2.14 
Galaheptulose 200 842 419 2.00 
Sedoheptulosan 200 1005 | 475 2.1 
IT bs 100 550 | 298 1.85 
Guloheptulosan 100 714 430 1.66 
| Idoheptulosan 100 | 200 129 1.56 
IIIa Sedoheptulosan 133 910 447 2.04 
IlIb | Fructose 30 209 | 359 0.58 
(a + b) | 1103 796 1.38 
IV | Sedoheptulosan 25 | 137 80 Gia 
<3 50 283 154 1.84 
es 75 | 398 220 1 80 
ae 100 536 | 283 1.91 
V fi 83 443, 284 1.80 
sy 166 849 427 1.99 





obtain agreement between duplicate samples better than +3 per cent for 
Dse0. Consequently, although the reaction seems to show proportionality 
between concentration of the sugar and D560 values obtained as averages 
from a great number of determinations, the accuracy of individual deter- 
minations by comparison of the unknown with a standard solution is much 
lower than in the two other reactions (see Experiments IV and V, of Table 
V). 
DISCUSSION 

The color reactions described in this report promise to be useful for the 

determination of heptoses which occur in living cells, either as permanent 
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constituents or as intermediates in cellular metabolism. Their use for 
these purposes seems subject to three limitations, which have to be taken 
into consideration in every particular case. 

1. An accurate determination of heptose is possible only when the hep- 
tose fractions in the material analyzed consist wholly or predominately of 
one heptose, the nature of which must be established. 

2. Heptose may be present in the material analyzed in the form of esters. 
The extinction coefficients of some esters in the reactions described here 
may differ considerably from those of free sugars. If, therefore, the nature 
of the ester present in the material is unknown, it will be necessary to es- 
tablish whether, and to what extent, hydrolysis of appropriate duration 
changes the reactivity of the ester in some or all of these color reactions. 

3. Tissue extracts may contain organic substances which when heated 
with H.SO, will yield products absorbing in the violet and near ultraviolet. 
To account for this absorption, when carrying out the cysteine or carbazole 
reaction, it is necessary to run with the experimental sample a blank which 
contains the unknown solution and H,SO, but not cysteine or carbazole, 
and to subtract the optical density of the latter from that of the sample 
containing the organic developer. As heptoses yield with H2SO, alone 
products which show a considerable absorption between 380 and 415 my 
and as this absorption decreases after addition of cysteine, they will inter- 
fere with the determination of hexoses by making it impossible to account 
for non-sugar substances which react with H.SO,. This difficulty will 
not be encountered in those cases in which disappearance or formation of 
heptose from substrates added to tissues is studied. The optical density 
in the cysteine reaction of the tissue extract to which no substrate was 
added subtracted from the optical density of the sample with substrate 
gives then the optical density due to the substrate and the products of its 
transformation by the tissues. No blanks without cysteine are necessary 
in this case. 

The choice of the reaction most suitable for the quantitative determina- 
tion of the heptose will depend on circumstances of the particular case and 
the purpose of the determination. The diphenylamine reaction, which is 
the least sensitive and accurate of the three, has the advantage of simplicity 
and of being particularly suitable for orienting rapid estimation of keto- 
hexose and ketoheptose in the same sample of the unknown. The ratio 
of Dseo and De3; mu when compared with that of standards of ketohexose 
and heptose will immediately reveal the presence and approximate amount 
of either of these sugars in the solution. 

The second modification of the orcinol reaction and the cysteine reaction 
appeared to be about equal in their usefulness, although the cysteine re- 
action is somewhat more sensitive. Accurate determinations with the cys- 
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teine reaction, however, require the use of an internal standard, which in 
general will not be necessary with the orcinol reaction. On the other hand, 
in the determinations of heptose in trichloroacetic acid filtrates, it is neces- 
sary to account for the acidity of the filtrate. This can be done by adding 
an appropriate amount of trichloroacetic acid to the standard solution or 
using an internal standard. 

The reactions described in this paper promise to be useful for tentative 
identification of certain heptoses. In the case of aldoheptoses, this will 
not be possible until more than five of the sixteen possible heptoses are 
investigated. However, it seems possible at least to exclude certain 
eventualities by using the differences in the absorption spectrum of the Bial 
reaction in which a-galaheptose and 6-glucoheptose differ significantly from 
the three other aldoheptoses so far investigated. The case is considerably 
more favorable as far as heptuloses are concerned. This is particularly 
true when the color reactions are combined with paper chromatography 
according to Bevenue and Williams (6). Among the heptuloses we can 
immediately differentiate two groups, one belonging to the altro-allo and 
gulo-ido series, and the others from which they differ by the characteristic 
property of forming 2,7-anhydrides when heated with diluted acid (7-9). 
These anhydrides remain in equilibrium with the sugar itself and can be 
distinguished from the latter by their resistance to heating with alkali. 
Among this group of anhydride-forming heptuloses, idoheptulosan differs 
in a very characteristic way in the intensity of the orcinol reaction from 
gulo- and sedoheptulosans, and thus can be easily distinguished from the 
latter two. Guloheptulosan and sedoheptulosan show almost identical be- 
havior in all the color reactions described here, but they can be differenti- 
ated by paper chromatography after being heated with acid. When heated 
with 1 per cent HCl on a steam bath for 30 minutes, sedoheptulosan 
shows three different spots, one of which has a much higher Rr than the 
others, while guloheptulosan in comparable concentrations appears only in 
two spots, the position of which does not differ very much from those 
produced by other heptuloses.* In this sedo- and guloheptulose can be 
easily differentiated.‘ 

Finally, it will be noted that gala-, manno-, and glucoheptuloses, which 


3 After this manuscript was finished, G. R. Noggle (10) reported that sedoheptu- 
losan can be differentiated from gulo- and idoheptulosan, after heating with 0.2 n 
HCl, by paper chromatography with saturated phenol as solvent in so far as it pro- 
duces four different spots, while gulo- and idoheptulosan produce only two spots, 
corresponding to the sugar itself and its anhydride. The faster spot produced in 
our procedure does not correspond either to sedoheptulose or sedoheptulosan and 
appears to be identical with the fastest spot (Rr 0.9) produced by acid-heated sedo- 
heptulosan in the procedure of Noggle. 

4These experiments were carried out in collaboration with E. Pollaezek. 
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do not easily form 2,7-anhydrides in diluted acid and therefore are de- 
stroyed completely by heating with alkali, show lesser differences, and in 
a different sense, in the intensity of all three modifications of the orcinol 
reaction than in the cysteine reaction. The combination of these two 
types of reactions therefore in general will allow differentiation of these 
saccharides. It should be noted, however, that the testing of the alkali 
resistance of heptulose heated with acid can safely be applied only to the 
free sugars, as substitution of the sugars may prevent the formation of 
2,7-anhydride. 


SUMMARY 


1. A series of characteristic color reactions of heptose is described. 

2. The application of these methods to the differentiation of aldo- and 
ketoheptoses and to tentative identification of some of these sugars, as 
well as to their quantitative determination, is discussed. 
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Cells of Lactobacillus pentosus grown on pD-xylose or L-arabinose ferment 
p-ribose as rapidly as the sugar present in the growth medium, whereas 
cells grown on ribose do not ferment the other pentoses at significant rates 
(3). Extracts of cells grown on any of the three pentoses have an activity 
in degrading ribose-5-phosphate that is considerably greater than that of 
comparable extracts from cells grown on glucose. On the basis of these 
observations, it was suggested that p-xylose and L-arabinose are converted 
to compounds of the ribose configuration before cleavage of the carbon 
chain occurs. 

Extracts of cells grown on pentoses catalyze the phosphorylation of 
pentoses by adenosinetriphosphate (ATP). Furthermore, there is an ex- 
cellent correlation between the rates of fermentation of the various sugars 
by the intact cells and the activity of extracts of these cells in phosphory- 
lation of the pentoses (1). These facts suggest that the formation of a 
phosphate ester is an essential step, although not necessarily the first 
step, in the metabolism of the pentoses. 

Extracts have now been obtained which catalyze the phosphorylation 
of xylose but are relatively inactive in pentose degradation. The pentose 
phosphates which accumulate under these conditions have been isolated 
and their composition studied. These experiments are described in the 
present communication. 


EXPERIMENTAL 


Materials—v-Xylulose-1-phosphate was prepared by incubating fructose 
diphosphate and an excess of glycolaldehyde with crystalline rabbit muscle 
aldolase. It was isolated as the barium salt and converted to the sodium 
salt for testing. Glock (4) and Hough and Jones (5) have recently de- 
scribed in detail the preparation and structure of this substance. Dr. 
B. L. Horecker of the National Institutes of Health, Bethesda, Maryland, 


*This investigation was supported by a research grant (No. E-253) from the 
National Microbiological Institute of the National Institutes of Health, United 
States Public Health Service. 

Preliminary reports of a part of this work have already been published (1, 2). 
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generously furnished samples of p-ribulose-5-phosphate (90 per cent of the 
pentose of this sample was present as ribulose phosphate), of p-xylu- 
lose p-bromophenylhydrazone, and of t-ribulose o-nitrophenylhydrazone. 
p-Xylulose was prepared from the hydrazone according to the directions 
of Schmidt and Treiber (6) and t-ribulose by the procedure of Reichstein 
(7). The acid phosphatase preparation from potato was the gift of Dr. 
Arthur Kornberg of the National Institutes of Health, Bethesda, Maryland. 
The method of preparation of the ribose-1-phosphate sample has been de- 
tailed by Lampen and Wang (8). All other substrates were commercial 
materials. 

Cells of L. pentosus strain 124-2 (American Type Culture Collection No. 
8041) were grown with xylose as the carbohydrate source and harvested 
as described previously (3). Cell-free extracts were prepared by sonic 
treatment of cells suspended either in 0.05 m phosphate buffer, pH 7.0, as 
previously done (3), or in 0.05 m NaHCO;. The extracts contain ribonu- 
clease and form a significant amount of acid-soluble pentose phosphates 
from nucleoprotein during incubation. The nucleoprotein content was re- 
duced by treating the extracts with MnCl». Details of the procedure are 
given by Hoffmann and Lampen (9). 

Methods—All incubations were carried out at 37°. Pentose was deter- 
mined by the method of Mejbaum (10) with slight modifications; viz., the 
heating period was 30 minutes and the final FeCl; concentration was 0.02 
per cent. Ketopentose was determined by the cysteine-carbazole method 
of Dische and Borenfreund (11). For free ketopentoses a reaction time of 
1 hour was used with p-xylulose as the standard. Color production from 
p-ribulose or L-ribulose is complete in 15 minutes (12). Maximal readings 
were obtained with p-xylulose only after 1 hour. At this time the Ls. 
values obtained with 10 y of L-ribulose or of p-xylulose were identical 
within experimental error. When ketopentose phosphates were present, 
the reaction time was 20 hours and p-xylulose-1-phosphate was the stand- 
ard. Approximately the same color production per mole of apparent pen- 
tose was obtained with p-xylulose at 1 hour and p-xylulose-1-phosphate at 
20 hours. 

The free sugars were separated by chromatography on Dowex 1 (borate) 
columns according to the procedure of Khym and Zill (13). Resin with 10 
to 12 per cent cross-linkage, 200 to 400 mesh, was used. Fig. 1 illustrates 
the separation of ribose, arabinose, and xylose obtained under our condi- 
tions and indicates the position of the ketopentoses in parallel runs. Sep- 
aration of the five substances is not complete; however, the separations 
essential for this study, 7.e. ribose from ribulose and from the other aldo- 
pentoses, were satisfactory. To obtain the sugar from the appropriate 
eluate fractions, the fractions were passed through a column of IR-100 
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(H+) to convert the borate to the free acid and the solutions evaporated 
to dryness in vacuo at 30°. Methanol was then added and the methyl 
borate removed by distillation. This process was repeated three times 
and the final oils dissolved in water for analysis or chromatography on 
paper. 
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Fig. 1. Chromatography of pentoses. A mixture of 2.0 mg. of each sugar in 0.01 
M sodium borate was adsorbed on a 12 em. X 1.1 sq. em. column of Dowex 1 resin. 
The resin had been washed with 0.5 n NaOH until Cl--free and then with 0.1 m sodium 
borate. The flow rate was 0.5 ml. per minute. The solid line is the result obtained 
with a mixture of p-ribose, p-arabinose, and p-xylose. The broken line indicates 
the position of p-xylulose and t-ribulose in similar experiments. 


Results 


Degradation of Pentose Derivatives—Results obtained with a typical ex- 
tract are presented in Table I. Ribose-5-phosphate and ribulose-5-phos- 
phate were degraded rapidly, but not ribose-1-phosphate or xylulose-1- 
phosphate. Similar extracts were shown previously to be inactive in 
degrading free ribose and xylose-5-phosphate (3) and inosine and uridine 
(8). Although xylose and ATP were not degraded if added separately 
(Table I), a net disappearance of pentose was observed when both were 
present. 

Since the purpose of this study was to identify the pentose derivatives 
formed during degradation of xylose, it was desirable to have a xylose- 
phosphorylating system in which net decomposition of pentose phosphates 
did not occur. Two ways of achieving this are shown in Table II. The 
rate of phosphorylation of xylose was the same at pH 8 as at pH 7 or 7.8, 
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whereas at pH 8 degradation of ribose-5-phosphate stopped after the ap- 
parent pentose content had decreased only 20 per cent. Treatment of an 
extract with MnCl, to remove nucleoproteins yielded a preparation which 
even at pH 7 catalyzed only a limited reduction in pentose content. Ribu- 
lose-5-phosphate was not degraded under these conditions. 

The extent of pentose degradation by extracts prepared in bicarbonate 
was generally less than that by those prepared in phosphate buffer. Cer- 
tain of the original bicarbonate extracts catalyzed only 10 to 30 per cent 


TaBLe [ 
Action of Extracts of L. pentosus on Various Pentose Derivatives 

Each incubation mixture contained 0.2 ml. of an extract prepared in phosphate 
buffer, the substrates, and sodium-potassium phosphate buffer (pH 7.0, final concen- 
tration 0.015 m) in a volume of 1.8 ml. At zero time and after 0.5 and 2 hours of 
incubation, samples were removed and added to an equal volume of cold 4 per cent 
perchloric acid. The protein-free filtrates were analyzed for pentose. All values 
have been corrected for the 0.4 um of acid-soluble pentose which accumulated in 

a parallel incubation without substrate. 





Pentose degraded 





Substrate Senet ee 
0.5 hr. 2 hrs. 
uM | per cent per cent 
Ce SO rr 3.7 62 85 
SS EMS 0 oy 90 
OE ea 3.4 | 12 
DESC GE a2 is 9 a 4.2 | —5 —5 
Adenosine-5’-PQO,.................. 5.4 | 7 10 
ee et ee 5.3 | —3 —5 
OSE SR ee a pe 4 ny 0 
ID) 8 TOE ea ae ee 4.2 a - 
a ds 5.3, . ” 
DG Leos | 0) i a 5.0 | —2 5 








* Calculated on the basis of xylose added. 


decreases in pentose. For this reason, extracts prepared in bicarbonate 
and treated with MnCl, (termed NaHCO; extract (MnCl2)) were used in 
the following studies. 

The small decrease in apparent pentose observed in these experiments 
suggested that pentose phosphate isomerase was still present in the MnClo- 
treated enzyme preparations and was catalyzing the interconversion of 
ribose-5-phosphate and ribulose-5-phosphate. Ribulose-5-phosphate gives 
only about 70 per cent-of the color per mole in the orcinol reaction that 
ribose-5-phosphate does. Thus conversion of ribose-5-phosphate to the 
equilibrium mixture of 75 per cent aldose phosphate-25 per cent ketose 
phosphate (14) would result in a decrease in apparent pentose of about 10 
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per cent. To test for this enzyme 0.25 ml. of NaHCO; extract (MnCl) 
was incubated at pH 7.0 with 36.4 uM of ribose-5-phosphate in a volume 
of 2.6 ml. At zero time and after 1 hour’s incubation (when ketose forma- 
tion had reached a maximum) aliquot samples were added to 0.1 volume 
of 1 M acetic acid in an ice bath. The protein which precipitated was re- 
moved by centrifugation, and the supernatant fluids frozen until used for 
analyses. The decrease in apparent pentose was 10.2 um. 7.5 uM of Bro- 
stable pentose (29 per cent of the residual pentose) were formed (cf. (15) 
for the oxidation procedure) and 7.2 um of ketopentose (27.5 per cent). 
Incubation of an aliquot in 1 n KOH for 10 minutes at 24° destroyed 91 


TaBLeE II 
Separation of Xylose-Phosphorylating and Pentose-Degrading Systems 

Pentose degradation was tested as in Table I with 4.5 um of ribose-5-phosphate 
as substrate. To measure phosphorylation a series of tubes was prepared contain- 
ing 0.2 ml. of the indicated enzyme preparation, 7.5 um of ATP, 0.1 ml. of 1 m NaF, 
and 6.2 um of xylose in a total volume of 2.5 ml. of 0.03 m tris(hydroxymethyl)amino- 
methane buffer, pH 7.8. Aliquot samples were deproteinized with Ba(OH)2-ZnSO, 
at the indicated times and the filtrates analyzed for residual pentose. 








Protei Xyl 
- ey Pentose degraded ohauheaiabe 
Enzyme preparation enzyme 
prepara- i in eg 
tion 30 min. 120 min. 40 min. 90 min. 
7 uM uM uM uM 
Phosphate extract.................., 12.7 3.5 3.6 | 3.9 6.0 
es se (pH. 8.0*)... 12.7 0.5 0.9 | 4.0 6.0 
MnCl.-treated phosphate extract...; 9.4 1.1 Ls |. &4 5.9 


* Extract adjusted to pH 8.0 with 0.1 m NasHPO, and tris(hydroxymethyl)amino- 
methane buffer, pH 8.0, used. 


per cent of the ketopentose (86 per cent destruction was obtained in a 
parallel experiment with authentic ribulose-5-phosphate). Chromatog- 
raphy of the incubated sample on paper with acetic acid-ethanol (16) dis- 
closed the presence of a component with an FR, identical with that of ribu- 
lose-5-phosphate. The mixture of esters formed from ribose-5-phosphate 
consists then of ribose and ribulose phosphates in approximately 75:25 
ratio. It is concluded that the enzyme preparations contain a ribose phos- 
phate isomerase and that its action accounts for the small decrease in ap- 
parent pentose in the present experiments. 


Products of Xylose Phosphorylation 


In a typical experiment 600 um of xylose and 300 um of ATP were incu- 
bated with 3.5 ml. of a NaHCO; extract (MnCl.) in a total volume of 20 
ml. of 0.05 m NaHCO; in a Warburg vessel (125 ml. volume) under 95 
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per cent N2-5 per cent CO». The acid produced in the phosphorylation 
reaction (1 equivalent per equivalent of ~P utilized) was measured by the 
CO: released from the bicarbonate. The rate decreased sharply between 
100 and 110 minutes, at which time the incubation mixture was frozen. 
The products of the reaction were separated and analyzed by chromatog- 
raphy on a column of Dowex 1 (HCOO7-) resin (Fig. 2). The adenyl com- 
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Fic. 2. Chromatography of the reaction mixture from xylose phosphorylation. 
A 0.5 ml. aliquot of the reaction mixture (equivalent to 15 uM of initial xylose and 
7.5 um of ATP) was analyzed, with a column of Dowex 1 (HCOO7) resin (11 em. X 1.1 
sq. em., 10 per cent cross-linkage, 200 to 400 mesh). The flow rate was 0.3 ml. per 
minute. 10 ml. samples were collected. Solid line, pentose; broken line, Z259. The 
recoveries (see the text for methods) were for xylose 2.26 um, pentose phosphate 12.1 
uM, adenylic acid 6.1 um, ADP + ATP 1.25 uo. 


pounds were estimated by their ultraviolet absorption and pentose phos- 
phate by subtracting the values for adenylic acid from the total pentose 
of the main peak. For the entire incubation mixture the balance was 510 
uM of xylose disappeared (presumably phosphorylated) and 250 to 300 um 
of ATP (see Table III). The products isolated were 242 um of adenylic 
acid and 484 um of pentose phosphate. This balance may be approximated 
by the equation 


2 xylose + 1 ATP — 2 pentose phosphate + 1 adenylie acid 


It is evident that both ~P groups of ATP were utilized. Presumably a 








XUM 


my} 
the 
ph 
ati 
tai 
ha 


we 
46 
Wwe 
at 
an 





J. O. LAMPEN 1005 


myokinase is present in this extract, but it is, nevertheless, possible that 
the ~P of adenosinediphosphate (ADP) is utilized directly in the phos- 
phorylation reaction. No evidence is available on this question. A rel- 
atively good balance between disappearance of xylose and of ~P was ob- 
tained and subsequent tests have shown that such enzyme preparations 
have only a low ATPase activity. 

Characterization of Pentose Phosphate Fraction—The pentose phosphates 
were isolated as follows: To a sample of the reaction mixture containing 
460 um of pentose phosphates, acetic acid was added to 0.1 mM. The solution 
was passed through a column of IR-100 (H*) resin (12 em. X 12.4 sq. em.) 
at a rate of 1 ml. per minute. The pentose phosphates were not absorbed 
and were obtained in the eluate, whereas the adenylic acid, ADP, and ATP 


TaBLe III 
Analysis of Products of Xylose Phosphorylation 
| 0 min. | 110 min. | A 
: woe AR ee ee eae ee 
| uM uM uM 
MV LOBES oon 5 hss Gea tete intcice eip ate eres 600 90 —510 
2) UR Se Ne etn, Sen Ue rime cee corte ee | 300 50* — 250 
NUGHV HG ROTO 202. eto kok Pe eee eee | 242 | +242 
Pentose: phosphate): ie... Shee Se 484 +484 


* ADP and ATP. 
+2 x ATP + 1X ADP. 





were retained. The eluate fractions containing the pentose phosphates 
were combined, adjusted to pH 6.0 with 0.3 n Ba(OH)>s, and centrifuged 
to remove a small precipitate; 4 volumes of 95 per cent ethanol were added 
and the precipitate collected by centrifugation. The salts were dissolved 
in water, reprecipitated as before, and finally washed with 80 per cent 
ethanol and with ether. The product weighed 155 mg. after drying in 
a vacuum desiccator. It contained 388 um of pentose and 4 uo of adenylic 
acid. A phosphorus analysis indicated 7 um of orthophosphate and 370 
uM of organic phosphorus. Of the latter only 11 per cent was hydrolyzed 
in 10 minutes at 100° in 1 N H.SOy. The reducing sugar value was 335 
uM as determined with ribose as the standard (17). This ratio of reducing 
sugar to pentose of 0.86:1 is similar to the values obtained in this labora- 
tory with ribose-5-phosphate. Br»2-stable pentose was 93 um (24 per cent 
of the total). The value for ketose was 78 uM; of this, 87 per cent was 
destroyed by 10 minutes incubation in 1 nN KOH at 22°. 

The pentose phosphate mixture (12.5 um of pentose) was oxidized with 
150 um of sodium metaperiodate in a volume of 5 ml. at 28°. Samples 
were removed at various times and titrated with 0.01 N arsenite (starch 
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indicator) to determine periodate utilization. At 10 minutes 2.8 um of 
periodate were used per uM of pentose phosphate, and at 60 minutes 3.0 
um. This is the expected value for a pentose-5-phosphate ester. In a 
parallel test a sample was taken after 20 minutes and analyzed for formal- 
dehyde (18). 0.27 um of formaldehyde was found per uM of initial pentose 
phosphate, indicating 27 per cent ketose in the mixture. 

These data showed that the preparation consisted largely of pentose- 
5-phosphate esters of which 20 to 30 per cent was ketopentose. Attempts 
were therefore made to separate the esters on Dowex 1 (HCOO7-) columns 
as described by Horecker et al. (14). With the amounts of ketopentose 
present in our preparations it has not been possible to obtain a complete 
separation of the aldo- and ketopentose phosphates; however, the ketose 
definitely follows the aldose as Horecker et al. reported. 

The optical rotation was determined for samples of the pentose phos- 
phate preparation and of ribose-5-phosphate which had been purified by 
ion exchange chromatography. On the basis of pentose content the value 
for the pentose phosphate was [a]; +12.5° (c = 0.72; 0.2 x HCl), for the 
ribose-5-phosphate [a]?> +18.5° (c = 1.59; 0.2 n HCl). Horecker et al. 
(14) report [a], +23° + 2° for ribose-5-phosphate. Our lower value may 
be the result of the poorer fractionation obtained with our columns. 
Nevertheless, the rotation obtained with the pentose phosphate prepara- 
tion shows the presence of a constituent other than ribose-5-phosphate. 

Identification of Sugar Components—A sample of the pentose phosphate 
preparation, containing 90 um of pentose, was hydrolyzed with an acid 
phosphatase from potato in a solution containing 0.02 m acetate buffer, 
pH 5.0, and 0.003 m MgCl.. After 4 hours 81 uM of orthophosphate were 
formed. The sample was then heated for 5 minutes at 100° and deionized 
by passage first through a column of IR-100 (H*) resin and then through 
TR-4B (OH) resin and the eluates concentrated to 5 ml. 56 um of pentose 
and 7.4 um of ketose were recovered. By ion exchange chromatography 
(Fig. 3) of this material two fractions were obtained. The first component 
(I), in the approximate position of ribose (see ‘“Methods’’), corresponded 
to 78 per cent of the original pentose; the second component (IT), at the 
position of ribulose, accounted for 14 per cent. To obtain Component | 
the fractions between 40 and 140 ml. of the effluent were combined and the 
borate removed. The effluents between 280 and 380 ml. were combined 
for Component IT. 

A ketose test on Component I was negative, and that on-Component II 
was strongly positive. In the orcinol test the ratio 2549: L6% was 0.19 for 
Component I. This:is characteristic of aldopentoses. The value for Com- 
ponent II was 0.68. Seegmiller and Horecker (19) reported a value of 
0.90 for ribulose. The sugar of Component I could not be separated from 
ribose by chromatography on paper with phenol-water or acetone-water- 
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boric acid (as in the accompanying paper (15)) or with several other solvent 
systems. In the acetone-water-boric acid system, Component II gave a 
broad spot over the Rr range 0.55 to 0.75. Under our conditions the Rr 
of ribulose is 0.73 (15). It is concluded, therefore, that Component I is 
ribose. Component II probably contains ribulose but other substances 
are also present. Because of the losses occurring during the chromatog- 
raphy the exact amounts of ribose and ribulose present in the original mix- 
ture are uncertain. The results however are consistent with the ratio 75 
per cent aldose-25 per cent ketose obtained by more direct analysis of the 
original pentose phosphate preparation. 

















—0.02M Na BORATE———~-004M Na— 
435 BORATE 
= 
24 
5 I 

3 
WwW 
2) 
52 
uJ 
a 
. I 

c tn. 
200 400 600 


EFFLUENT (ML) 


Fig. 3. Separation of sugars from pentose phosphate preparation. To a sample 
of the mixture of free sugars (39.6 um of pentose) sodium borate was added to a con- : 
centration of 0.01 m and the solution chromatographed on a column of Dowex 1 
(borate) resin (see ‘‘Methods’’). Component I contained 31 um of pentose and 
Component IT 5.6 un. 


Identification of Adenylic Acid—Although the amount of ribose-5-phos- 
phate present in the pentose phosphate fraction was too great to have 
arisen solely from the ATP present in the reaction mixture, it appeared 
wise to identify more rigidly the adenylic acid which accumulated. For 
this purpose an incubation similar to that described before was carried 
out. The reaction mixture was made 0.1 M in acetic acid, and the adenylic 
acid adsorbed on the IR-100 (H*) column and finally eluted with 0.1 m 
NH,OH. The eluate fractions containing the ultraviolet-absorbing ma- 
terial were concentrated to 90 ml., the pH adjusted to the phenolphthalein 
end-point with acetic acid, and 0.4 ml. of 1 mM barium acetate added. A 
small precipitate was removed by centrifugation and 4 volumes of 95 per 
cent ethanol added to the supernatant fluid. The barium adenylate was 
collected by centrifugation, dissolved in water and precipitated as before, 
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and finally redissolved in water for analysis. This material had an absorp- 
tion spectrum essentially identical with that of authentic adenosine-5’- 
phosphate. In the specific adenylic acid deaminase test (20), a value of 
44 y of adenylic acid was obtained for a sample containing 45 y by pentose 
analysis. 

To identify the sugar present in the nucleotide a sample containing 76 
uM was hydrolyzed in 1 N HCl at 100° for 15 minutes. The ribose-5-phos- 
phate which formed was isolated as the Bat+ salt (56 um). 50 um of this 
material were dephosphorylated with the acid phosphatase and the solu- 
tion deionized as described before (36 um of pentose obtained). Chroma- 
tography of the pentose on paper (phenol-water) or on a Dowex | (borate) 
column revealed only ribose. Ketoses, xylose, and arabinose were not pres- 
ent in detectable amounts. It is concluded that the material isolated was 
adenosine-5’-phosphate and, therefore, that the ribose-5-phosphate which 
accumulated in the system must have originated from the xylose initially 
present. The fact that only ribose was obtained from adenylic acid shows 
also that the ketose obtained from the other pentose phosphate prepara- 
tions did not arise during the treatment with phosphatase and subsequent 
chromatography but must have been present in the initial reaction pro- 
ducts. 


DISCUSSION 


The results presented here definitely establish the formation from p- 
xylose of a ribose phosphate ester which, on the basis of its acid stability, 
periodate consumption, and of the optical rotation of the pentose phos- 
phate fraction, is indicated to be p-ribose-5-phosphate. By analogy the 
ketose fraction probably consists largely of p-ribulose-5-phosphate. The 
pentose phosphate fraction corresponds roughly to the equilibrium mixture 
expected as a result of pentose phosphate isomerase action. 

The present data do not permit one to decide whether ribose phosphate 
or ribulose phosphate is formed first from xylose. Evidence has been pre- 
sented, however, that a ketopentose phosphate is the substance actually 
split by L. pentosus into C; and C2 units (21), and Racker et al. (22) have 
obtained an enzyme from yeast active in the cleavage or synthesis of ribu- 
lose-5-phosphate but not of ribose-5-phosphate. One may then logically 
suggest the following sequence of reactions for xylose fermentation by L. 
pentosus. 


p-Xylose + ATP — p-ribulose-5-phosphate <> p-ribose-5-phosphate 


| 
C; + C; 
{ | 


Lactate Acetate 
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Hochster and Watson (23) have recently reported the phosphorylation 
of xylose by extracts of a Pseudomonas species and conclude that the pro- 
duct is p-xylose-5-phosphate. However, since the substance was identi- 
fied only as an acid-stable pentose phosphate, it seems possible that the 
compound is actually ribose-5-phosphate as in the present instance. 

The author wishes to acknowledge the valuable technical assistance of 
Miss Barbara J. Danielson. 


SUMMARY 


The degradation of pentose derivatives by cell-free extracts from Lacto- 
bacillus pentosus grown on pD-xylose has been studied. Enzyme prepara- 
tions have been obtained which catalyze the phosphorylation of xylose but 
do not bring about a significant decrease in the total pentose content of 
the system. These preparations contain pentose phosphate isomerase. 

When xylose and adenosinetriphosphate are incubated with such prepa- 
rations, the following over-all reaction occurs. 


2 p-xylose + 1 ATP — 2 pentose phosphate + 1 adenylic acid 


The pentose phosphate fraction has been isolated and characterized’ 
70 to 80 per cent of the material is p-ribose-5-phosphate. A mixture of 
ketoses, probably consisting in the main of pD-ribulose-5-phosphate, is also 
present. Xylose or xylulose phosphates could not be detected. 

These data are in agreement with the concept proposed previously of a 
conversion of D-xylose to a ribose (or ribulose) phosphate before degrada- 
tion of the pentose chain occurs. 
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CONVERSION OF p-XYLOSE TO pv-XYLULOSE IN EXTRACTS 
OF LACTOBACILLUS PENTOSUS* 


By 8S. MITSUHASHI}{ anv J. O. LAMPEN 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, May 4, 1953) 


Evidence has been presented that D-xylose (and probably L-arabinose) is 
converted by Lactobacillus pentosus to esters with the ribose (or ribulose) 
configuration before cleavage of the carbon chain occurs (1). In experi- 
ments with extracts of L. pentosus which do not degrade ribose phosphates 
(2), it has recently been possible to demonstrate the following reaction. 


2 xylose + 1 ATP — 2 pentose phosphate + 1 adenylie acid 


The pentose phosphate mixture contained about 75 per cent of ribose-5- 
phosphate and smaller amounts of ketopentose phosphates. The inter- 
mediate steps by which xylose is converted to ribose have been obscure, 
since xylose-5-phosphate is inert in this system and no evidence was ob- 
tained for the formation of acid-labile esters (1-phosphates). Cohen (3) 
has recently reported that extracts of cells of Escherichia coli catalyze the 
conversion of p-arabinose to the corresponding ketose p-ribulose. It was 
conceivable then that a similar reaction occurred with p-xylose in our 
preparations. 

The data reported in the present communication demonstrate that ex- 
tracts of xylose-adapted cells of L. pentosus catalyze the reaction 


p-Xylose «-——> p-xylulose 


If ATP is present, xylulose is converted to a mixture of pentose phosphates 
similar to that obtained from xylose. Since xylulose is phosphorylated in 
these extracts more rapidly than is xylose, it is possible that xylulose is an 
intermediate in the conversion of xylose to a ribose (or ribulose) phosphate. 


EXPERIMENTAL 


The methods, materials, and enzyme preparations are described in the 
accompanying paper (2). For the oxidations with bromine, 0.25 ml. of 
sample (50 to 100 y of pentose), 0.25 ml. of 1.2 per cent bromine solution, 


* This investigation was supported in part by a research grant (No. E-253) from 
the National Microbiological Institute of the National Institutes of Health, United 
States Public Health Service. 

¢ Permanent address, Institute for Infectious Diseases, University of Tokyo. 

1 ATP = adenosinetriphosphate. 
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and 20 mg. of BaCO; were incubated at 25° for 20 minutes. The excess 
bromine was removed by gassing with nitrogen, and the samples then 
filtered and diluted for assay of residual pentose. 


TABLE I 
Formation from Xylose of Pentose Stable to Bromine Oxidation 


The sugars were incubated for 90 minutes with 0.5 ml. of the enzyme preparation 
in a total volume of 2.0 ml. Aliquot samples were oxidized with bromine and an- 
alyzed for residual pentose. 


Sugar Bre-stable sugar formed 
uM | uM 
1 Gy Een 100 | 12.2 
p-Lyxose..... ilk yd Rue en ares ee. 100 0.0 
EMINPIRE Te hr chet oe ae OEE Re ee es Be 100 1.0 
eB ES ES ORIN a tee a ees ne 100 —0.3 
PMN ss. beeen tay. Ae tkcthe leita Wein le Godse 100 0.0 
RIDER: sty ye nels cei erealé 83 O.1* 
COLES sae bee ne Sa yee eee eee 100 | 0.2 
a DUET Spo Os a ee eee 26 | 0.0 
DEAD OT fetes 2s tomas ata mee ae 100 pe 





* Fructose content as estimated by the method of Roe (4). 
+ Extract prepared from cells grown on glucose used in this test mixture. 


TaB_e II 
Stability of Ketopentose to Bromine 


Aliquot samples were analyzed for pentose either directly or after oxidation with 
Br. as described under ‘‘Experimental.’’ 


Pentose 
Sugar E seed 
Original value | After Bre oxidation 
uM | uM 
eAvie........... Sh ah: eee | 0.72 | 0.0 
Tol OT al TSS aa bate tie Oa eee rh Oi a 1.20 1.19 
Peewee i. eens! A Aen a yi ae Ri deh 1.31 1.39 
ENERO re. coe en td Tn ee hee ec attend 0.79 0.0 


* See Fig. 2 and the text for details. 


Results 


As reported previously (1), there was no decrease in total orcinol-reacting 
material when the various pentoses were incubated with extracts of L. 
pentosus in the absence of ATP; however, a new substance which was re- 
sistant to oxidation by bromine was detected when xylose was the sub- 
strate (Table I). This stability is characteristic of a ketopentose (Table 


II). 
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II). The substance accumulated only when an extract of cells grown on 
xylose was employed. No significant quantities of pentose resistant to Bre 
oxidation accumulated from other pentoses, p-xylose-5-phosphate, or glu- 
cose, although these extracts catalyze a rapid phosphorylation of glucose 
and of ribose by ATP (5). 

Fig. 1 shows the time-course of the reaction starting with xylose. An 
equilibrium appeared to be reached in 3 hours at approximately 13.5 per 
cent presumed ketopentose. 





»M Br,- STABLE PENTOSE 











© 00 200 300 
TIME (MINUTES) 





Fic. 1. Time-course of ketopentose formation. 100 um of xylose were incubated 
with 0.5 ml. of the enzyme preparation in a total volume of 2.0ml. At the indicated 
times, 0.15 ml. samples were oxidized with bromine and analyzed for residual pentose. 


Products of Reaction—The products were separated by chromatograph- 
ing the reaction mixtures on Dowex 1 (borate) resin. The protocols of a 
typical experiment are presented in Fig. 2. Two substances were present, 
Peak I corresponding in amount to the ketopentose content and Peak IT 
to the aldose. Both peaks show considerable tailing; however, as far as 
could be determined by paper chromatography (as in Table IIT), the mate- 
rial present in these latter fractions appeared identical with that in the 
main peak. 

The sugars were recovered from the borate solutions as follows. The 
effluents comprising Peak I (480 to 630 ml., 129 um) and Peak IT (2100 to 
2340 ml., 895 um) were passed through columns of IR-100 (H*) resin to 
convert the sodium borate to the free acid. The solutions were then 
evaporated to dryness under a vacuum at 40°. To each sample 100 ml. 
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of methanol were added and the methyl borate which formed was removed 
by again evaporating the solution to dryness. This process was repeated 
three more times. The resulting oils were dissolved in water. 

Peak II was a pentose, readily oxidized with bromine (Table IT), which 
yielded a color in the orcinol test with a spectrum similar to that for an 
aldopentose (Fig. 3). Its Rr in two solvents was identical with that of 
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Fig. 2. Chromatography of reaction mixture on Dowex 1 (borate) column. 2000 
uM of xylose were incubated for 6 hours with 5 ml. of the enzyme preparation in a 
volume of 20 ml. The reaction was terminated by heating the mixture at 100° for 
10 minutes. The mixture was frozen, thawed, and centrifuged to remove a small 
amount of precipitate. The solution contained 1940 um of pentose of which 184 um 
were Br2-stable pentose. Sodium borate was then added to 0.02 m final concentra- 
tion, and the sugars adsorbed on a Dowex 1 (borate) column (2.3 sq. em. X 24.5 em.) 
and eluted with sodium borate. Peak I contained 158 um of ketose (85 per cent re- 
covery); Peak II contained 1580 um of aldose (90 per cent recovery). See the text 
for identification of the peaks. 


xylose (Table III). The [a]?’ was +18.4° (c = 2.04; H,0); that for 
a-D-xylose is +18.8° (8). The p-bromophenylhydrazone melted at 127- 
128° (corrected) (xylose p-bromophenylhydrazone 128-129°, mixed m.p. 
127-128°). It was concluded, therefore, that peak IT consists of unchanged 
D-xylose. 

Peak I was a bromine-stable pentose (Table IT), yielding a color in the 
orcinol test like that obtained with xylulose (Fig. 3). Its behavior in paper 
chromatography was identical with that of p-xylulose (Table ITI). The 
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[«]?’ was —32.6° (ce = 0.765; HO). The value for p-xylulose is —33.2° 
+ 0.4° (9). 

To obtain sufficient material for the preparation of derivatives another 
experiment was performed in the presence of borate, since, as indicated 


Taste III 
Paper Chromatography of Pentoses 
Approximately 0.1 um of the aldoses or 0.4 um of the ketoses was applied to What- 
man No. 1 filter paper. The samples were developed by ascending chromatography 
and the sugars located by spraying the papers with aniline hydrogen phthalate and 
heating for 5 minutes at 100° (Partridge (6)). A pink color was obtained with the 
aldoses and a brown with the ketoses. 














Rr 
Substance pe eee oe ‘ ; ee 
Dikenolwaten® Acetone-water-boric 
Peak be. s.. io be SPAN ese | 0.46 0.68 
SO) WU os ohh clean eee eke eT 0.36 0.71 
De LOO 515.005 5.6 SR oe ene wa ee 0.47 0.68 
Da VOB es cetiec ci oe hcsnds eee eee 0.37 0.72 
DROBO Sapa 4S oe 0.52 0.84 
gd G10 2 SR oS GS 0.54 0.73 
DAES TOBE ooo 5. acworth ae 0.43 0.61 








*9 gm. of phenol and 1 gm. of water. 
{¢ Water, 3 volumes; acetone, 10 volumes. Mixture saturated with boric acid (7). 
t See Fig. 2 and the text for details. 
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Fia. 3. Spectra of colors produced in pentose determination. The reference cell 
contained a control sample without pentose. The ratios Ess mu:Eero ms were for 
Peak I, 0.36; Peak II, 0.20; p-xylose, 0.19; p-xylulose, 0.37. @, Peak I, Fig. 2; O, 
Peak II, Fig. 2; X, p-xylose; 0, p-xylulose. 
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subsequently, the proportion of ketose in the equilibrium mixture is in- 
creased under these conditions. 3 gm. of xylose (20 mm) were incubated 
with 10 ml. of extract and 20 mm of sodium borate in a volume of 210 ml. 
for 24 hours. The yield of Bre-stable pentose was 1.47 gm. (49 per cent). 
The incubation mixture was diluted to 2 liters (borate concentration 0.01 
mM) and chromatographed on a column 11.3 sq. em. by 15 cm. Peak | 


TaBLe IV 
Effect of Borate on Formation of Xylulose 
Each test mixture contained 0.1 ml. of the enzyme preparation and the indicated 
quantities of xylose and sodium borate solution in a total volume of 0.4 ml. The 
tubes were incubated for the periods indicated and aliquot samples oxidized with 
Br,. The large amounts of sugar present made it necessary to use a saturated 
bromine solution and 50 mg. of BaCO; in the oxidation. 


Ketose formed 


Xylose Borate i edict Ketose, 3 hrs. 
1 hr. 3 hrs. 
uM uM UM uM per cent 
5 0.36 0.36 7 
5 2 1.0 1.23 24.5 
5 5 1.6 2.0 40 
5 20 2.0 | 2.25 45 
20 0 2.0 2.9 14.5 
20 2 3.6 4.3 | 21.5 
20 5 4.1 5.0 25 
20 | 20 6.4 | 32° 
80 0 11.4 \ | 16 
80 | 20 11.5 | 17.5 22 
80+ 20 | 0 0 


* At 24 hours 9.6 um of ketose (48 per cent yield) were present. The pH of this 
incubation mixture was 8.6. In a parallel experiment in which the pH was ad- 
justed to 7.1 the rate of ketose formation and the final value (9.2 um) did not differ 
significantly. 

{ Enzyme preparation heated for 5 minutes at 100° before addition. 


contained 1.3 gm. of pentose. The melting points (corrected) of the 
p-bromophenylhydrazones were for Peak I, 124-125°; p-xylulose, 124-125°; 
mixed m.p. 124-125°. Peak I consists then of p-xylulose. 

Effect of Borate on Xylose-Xylulose Equilibrium—Cohen (3) observed 
that inclusion of borate in the incubation mixture increased the proportion 
of ribulose in the arabinose < ribulose equilibrium mixture. The data of 
Table IV show a similar effect of borate on the xylose <> xylulose equilib- 
rium. It was possible in this manner to increase the ketose content to 
40 to 45 per cent. The per cent of ketose formed appears to be a function 
primarily of the xylose-borate ratio. 
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Conversion of Xylulose to Xylose—The activity of the enzyme preparation 
in catalyzing the conversion of xylulose to xylose was also tested. p-Xylu- 
lose (50 um) was incubated for 2 hours with 0.5 ml. of the extract in a 
volume of 2.0 ml. The reaction was terminated by heating the mixture 
for 5 minutes at 100° and the products isolated by chromatography (con- 
ditions as in Fig. 2; column size, 0.78 sq. em. X 9.0 em.). Only two prod- 
ucts were obtained. The first peak (6.2 um) was identified as p-xylulose 
on the basis of its stability to bromine, spectrum in the orcinol test, and 
behavior on paper chromatography. The second fraction (45.6 uM) was 
identified as xylose by its ready oxidation by bromine, type of color in the 
orcinol reaction, and Ry value on paper chromatography. The per cent 


TABLE V 
Phosphorylation of Xylulose by ATP with Extract of L. pentosus 
The substrates (6.7 um) were incubated with 6 to 7 um of ATP, 0.2 ml. of the en- 
zyme preparation, and 100 um of NaF in a total volume of 2.5 ml. Tris(hydroxy- 
methyl)aminomethane buffer (pH 7.8) was 0.03 m. At 40 minutes, Ba-Zn filtrates 
were prepared and analyzed for pentose. Phosphorylation was followed by deter- 
mining the decrease in Ba-Zn-soluble pentose. 


Substrate Pentose phosphorylated 
uM 
PIOV LOBE iirc 55 rach Sap he Seeks Cee Pe TE a te 2.6 
Be VIURRORE es oo. ae 59d Sede oat are ate Petrie a a as 4.0 
PASE Serer shit eiies Ge sac ee eke: 4.0 
BRI OSB oo 5 ca ci ci cls adage aaa are eg Ga eRe eerie 1.5 


* See Fig. 2 and the text for details. 


of ketose in the reaction products (12 per cent) approximates that found 
in the experiment shown in Fig. 1. 


DISCUSSION 


The experiments presented here demonstrate that an enzyme (or en- 
zymes) catalyzing the conversion of D-xylose to p-xylulose is present in 
cells of L. pentosus grown on xylose but not in cells grown on glucose. 
This enzyme appears to be specific for D-xylose and is therefore termed 
xyloisomerase. It should be noted that the rate of xylose isomerization 
by the enzyme preparation (41 um per hour per ml. of extract in the ex- 
periment of Fig. 1) is of the same order of magnitude as that of phosphoryl- 
ation of xylose by these extracts (20 um per hour per ml. of extract (Table 
V)). Table V shows that xylulose was phosphorylated by the extract in 
the presence of ATP at a rate greater than that of xylose. The pentose 
phosphate which accumulated was chromatographically identical with ri- 
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bose-5-phosphate.? Xylulose is fermented by intact cells at rates essen- 
tially identical with those obtained with similar concentrations of xylose. 
Approximately 0.025 m concentration of either substance is necessary to 
obtain maximal fermentation rates (cf. (1)). 

On the basis of these observations, it is suggested that xylulose is an 
intermediate in the fermentation of xylose by L. pentosus and that. its 
formation may be the initial step in the degradative sequence. 


The authors wish to acknowledge the valuable technical assistance of 
Miss Barbara J. Danielson. 


SUMMARY 


Extracts prepared by sonic disruption of cells of Lactobacillus pentosus 
grown on D-xylose catalyze the interconversion of D-xylose and p-xylulose. 
These extracts do not catalyze similar isomerizations of the other pentoses, 
of p-xylose-5-phosphate, or of p-glucose. Extracts from cells grown on 
D-glucose show no significant activity on D-xylose. 

The rate of xylose isomerization by these extracts is of the same order of 
magnitude as that of xylose phosphorylation. Under comparable condi- 
tions the phosphorylation of xylulose is more rapid than that of xylose. 

The significance of this isomerization in the fermentation of xylose by 
L. pentosus is discussed. 
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THE SYNTHESIS OF 9-6-p-RIBOFURANOSYLPURINE 
AND THE IDENTITY OF NEBULARINE* 


By GEORGE BOSWORTH BROWN anv VIRGINIA SPICER WELIKY 


(From the Laboratories of the Sloan-Kettering Institute for Cancer 
Research, New York, New York) 


(Received for publication, May 13, 1953) 


The synthesis of a riboside of purine has been accomplished by the con- 
densation of the chloromercuri derivative of purine and chlorotriaceto- 
ribofuranose according to the general method of Davoll and Lowy (1). 
Since the position and configuration of the ribofuranosyl substituent are 
not determined by this method of synthesis, a second route which led to an 
unequivocal synthesis of 9-8-p-ribofuranosylpurine was also carried out. 
This involved the synthesis of 6-chloro-9-6-p-ribofuranosylpurine, the 
structure of which was verified by amination to a product which was 
shown to be identical with natural adenosine by melting point, spectra, 
rotation, and biological activity. This 6-chloro derivative was then re- 
ductively dehalogenated to 9-8-p-ribofuranosylpurine. The products ob- 
tained from each synthesis were identical; therefore the direct condensation 
had led to the 9-6-p-ribofuranosyl isomer. 

Nebularine, a natural product active against M ycobacteria, was isolated 
from the mushroom Agaricus (Clitocybe) nebularis Batsch. (2); it was 
shown by L6fgren and Liining (8) to yield purine and ribose upon hydroly- 
sis and to possess the empirical formula CyH1204N,4, corresponding to a 
ribose derivative of purine. A sample of this natural material, which was 
sent us by Dr. Nils L6fgren, was compared with the synthetic product. 
The identity of the materials was indicated by their crystalline form, 
melting points, mixed melting point, and spectra (Fig. 1) and in their 
biological activity towards mouse Sarcoma 180 and mouse embryo skin 
in roller tube culture.1. Thus, this naturally occurring nucleoside of un- 
substituted purine corresponds in configuration to the nucleosides obtain- 
able from ribonucleic acids. 

This nucleoside of purine is unique among the purine nucleosides studied 
in this laboratory by virtue of its extreme toxicity to mice. It was lethal 


* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and from the 
Atomic Energy Commission, contract No. AT(30-1)-910. 

1 Quantitative estimates of the preferential toxicity for cells of Sarcoma 180 com- 
pared to skin cells, and of a preferential toxicity to the fibroblasts compared to the 
epithelial cells of the embryo skin, were the same for both the synthetic and natural 
samples. Dr. J. J. Biesele, in preparation. 
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to mice within 3 days when administered subcutaneously at 20 mg. per 
kilo per day, while purine itself evidenced no toxicity at 500 mg. per kilo 
per day.? This is to be contrasted with the fact that other purine nucleo- 
sides tested have been essentially non-toxic, even when their parent purines 
are definitely so; for instance, 2,6-diaminopurine is lethal to 100 per cent 
of the mice at 150 mg. per kilo per day (4), while 2,6-diamino-9-6-p-ribo- 
furanosylpurine (1) is not toxic at 500 mg. per kilo per day. 

Speculation as to the origin of the natural 9-8-p-ribofuranosylpurine is 
of interest. The conversion of guanine derivatives into adenine deriva- 
tives (5-7) furnishes a precedent for the replacement of a functional group 
on a purine ring carbon by a hydrogen, and perhaps a similar mechanism 
is involved in removal of a functional group, or groups, to leave the ribo- 
side of purine. 


EXPERIMENTAL 


_ 9-B-p-Ribofuranosylpurine from Purine—To a solution of 1.0 gm. of 
purine in about 100 cc. of water containing 8.4 ce. of N NaOH (1 equiva- 
lent) was added an ethanolic solution of 2.26 gm. of mercuric chloride 
(1 equivalent). The fine, heavy, white precipitate was collected by cen- 
trifugation. The cake was desiccated over PO; in vacuo, pulverized in a 
mortar, and further desiccated. The 2.64 gm. of the chloromercuri deriva- 
tive of purine were suspended in 120 cc. of dry xylene and a small portion 
of the xylene was distilled to remove the last traces of water. To the 
refluxing suspension was added a solution of chlorotriacetylribofuranose in 
xylene. The latter had been prepared by treatment for 3 days of 2.82 
gm. of tetraacetylribofuranose, m.p. 85° (8, 9), with 100 cc. of ether satu- 
rated with dry HCl at 0°; the HCl and ether were then evaporated, dry 
benzene was added and evaporated to remove the last HCl, and the oily 
residue was dissolved in dry xylene. After 1.5 hours the xylene was 
cooled, decanted, and filtered, and 4 to 5 volumes of 30-60° petroleum 
ether were added to the filtrate. After this had been cooled overnight, 
the material insoluble in it and the solids originally insoluble in the xylene 
were extracted four times with hot chloroform. The chloroform solution 
was washed with 30 per cent potassium iodide and with water and then 
dried over sodium sulfate. Upon evaporation of the chloroform a glassy 
residue containing the triacetyl derivative remained. 

The crude acetyl derivative was treated overnight with 50 cc. of cold 
methanolic ammonia. ‘This solution left a semisolid residue upon evapora- 
tion, and, after several reevaporations with methanol, this was dissolved 
in 60 cc. of ethanol, treated with charcoal, concentrated to incipient crys- 
tallization, and cooled. <A total of 710 mg., which melted at 179-181° 


2 The pharmacology of this compound is under study by Dr. D. A. Clarke. 
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and represented 34 per cent of the theoretical yield, was obtained. After 
another recrystallization, 670 mg., melting at 181—-182°, were obtained in 
two crops. 


CoH 1204Ns. Calculated. C 47.6, H 4.80, N 22 


22.2 
Found.’ ““ 44.6, “ 4.71, ** 22.4 


6-Chloro-9-8-p-ribofuranosylpurine—To 50 cc. of water containing 27.3 
cc. of N NaOH and warmed to 80°, 4.2 gm. of 6-chloropurine were quickly 
added with stirring. A hot solution of 7.38 gm. of mercuric chloride in 
ethanol was added immediately and the resulting slurry was promptly 
cooled. The chloromercuri derivative was collected, dried in vacuo, pul- 
verized, and again dried. It amounted to 8.74 gm., representing 82 per 
cent of the theoretical yield. 

The chloromercuri derivative was suspended in 400 cc. of dry xylene 
and was refluxed for 2 hours with the chlorotriacetylribofuranose prepared 
from 8.05 gm. of tetraacetylribofuranose. The xylene was cooled, filtered, 
concentrated in vacuo to about one-quarter volume, and 5 volumes of 
petroleum ether were added. The insoluble material and the solids from 
the xylene were extracted with hot chloroform and treated in the usual 
manner. The product was deacetylated by treatment overnight with 100 
cc. of cold methanolic ammonia. The yellow, partially crystalline residue 
was recrystallized from about 75 cc. of boiling methanol and 1.69 gm., 
representing 26 per cent of the theoretical yield, were obtained. Further 
purification and removal of the yellowish color were always accompanied 
by considerable losses. The compound decomposes sharply with gas 
evolution at 170-171° when heated at a rate of 2° per minute (heated 
microscope stage). This decomposition temperature, always sharp, can 
be varied 10° or more by the rate of heating and is not a satisfactory 
criterion of purity. 

A recrystallized sample possessed the following composition. 


CyoHnO.N;Cl. Calculated. C 41.9, H 3.86, N 19.8, Cl 12.4 
Found. “41.9, “3.41, “19.5, “ 11.9 


The absorption spectrum, determined with a Beckman spectrophotom- 
eter, model DU, in 0.1 mM phosphate buffer of pH 6 showed a single maxi- 
mum at 264 my of #y 8800 and a minimum at 226 te 227 mu of Ly 2200. 
The spectra in 0.1 N HCl and in 0.1 N NaOH (when determined imme- 
diately) showed maxima at the same wave-length, the Hy values being 
about 2 per cent higher and 1 per cent lower, respectively. 

Adenosine from 6-Chloro-9-B-v-ribofuranosylpurine—A_ solution of 100 
mg. of the chloropurine riboside in 5 ce. of methanol saturated at 0° with 


3 Analyses by J. F. Alicino. 
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ammonia was heated in a sealed tube at 100° for 10 hours. The solution 
was evaporated in vacuo, the residue was recrystallized from 2 cc. of water 
and 80 mg., representing 86 per cent of the theoretical yield, were obtained. 
The melting point, 233-234°, was not depressed by admixture with natural 
adenosine. 


C19H1304N 5. Calculated, N 26.2; found, N 26.1 


The absorption spectra in buffer of pH 7, in 0.1 N HCl and in 0.1 n 
NaOH, [a]? —62.4° (0.5 per cent in water) (10), the decomposition point 
of the picrate of 185°, and the fact that this was not depressed by admix- 
ture with an authentic sample all indicated the identity of the product 
with adenosine. 

9-B-p-Ribofuranosylpurine by Reduction of 6-Chloro-9-8-p-ribofuranosyl- 
purine—To 500 mg. of 6-chloro-9-8-p-ribofuranosylpurine in 75 cc. of 
water were added 70 mg. of magnesium oxide (11) and 170 mg. of 5 per 
cent palladium on charcoal, and the suspension was treated with hydrogen 
at atmospheric pressure. An uptake of 39 cc. of hydrogen occurred in 6.5 
minutes and 45 cc. in 9 minutes (theoretical 42.5 cc.). The solution, which 
was neutral, was filtered and concentrated in vacuo to a clear syrup. This 
was dissolved in about 20 cc. of hot ethanol. The product which separated 
was recrystallized from ethanol and two crops totaling 284 mg., or 65 per 
cent of the theoretical yield, were collected. In another experiment 1.0 
gm. of the 6-chloro derivative was similarly reduced to yield 520 mg., or 
59 per cent of the theoretical yield. 

The crystals, long prisms, melted at 181—182° and, when admixed with 
the material described above, there was no depression of the melting point. 
Mixtures with the nebularine (3) likewise showed no depression of the 
melting point. 


CioH1204N,. Calculated. C 47.6, H 4.80, N 22.2 
Found. pie Sl PSL 7 IY Goad’) We 


The ultraviolet absorption spectra in water, acid, and alkali (when deter- 
mined immediately) are shown in Fig. 1. The spectrum of natural nebu- 
larine in water is also given; addition of acid to the aqueous solution of the 
natural material led to a decrease in absorption corresponding to that 
found for the synthetic material. The decreased absorption in acid is 
indicative of a basicity of the pyrimidine nitrogen‘ which is not manifested 
by the 6-chloro analogue. 

Optical rotations of {a}? —48.6° (1 per cent in water), [a]?? —61° (0.8 
per cent in 0.1 N NaOH), and [al?? —22° (0.8 per cent in 0.1 N HCl) were 


4A pK of 2.05 + 0.03 was found by the spectrophotometric method (12) by Dr. 
Jack Fox. 
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found. The pronounced influence of acid on both the ultraviolet-absorb- 
ing chromophore and on the optical rotation suggests that the interaction 
of hydrogen ion with the pyrimidine moiety may affect the orientation of 
the ribofuranosyl moiety. 

The solubility, determined from the optical density of saturated solu- 
tions, was 8.9 per cent in water and 0.5 per cent in ethanol, each at 25° 
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Fic. 1. Absorption spectra of 9-8-p-ribofuranosylpurine. 


Curve 1, in 0.1 n HCl; 
Curve 2, in 0.1 N NaOH; Curve 3, in water. 


@, nebularine in water. 


The purine (13) and the 6-chloropurine® used were kindly furnished by 
Dr. Aaron Bendich. 


SUMMARY 


9-8-p-ribofuranosylpurine has been synthesized by two methods. 


Its identity with a natural product, nebularine, obtained from mush- 
rooms has been established. 


The nucleoside is highly toxic to mice, although purine itself is not. 


BIBLIOGRAPHY 


1. Davoll, J., and Lowy, B. A., J. Am. Chem. Soc., 78, 1650 (1951). 


2. Ehrenberg, L., Hedstrém, H., Lofgren, N., and Takman, B., Svensk Kem. Tidskr., 
58, 269 (1946). 








5 To be described. 








1024 9-8-D-RIBOFURANOSYLPURINE 


. Léfgren, N., and Liining, B., Acta chem. Scand., 7, 225 (1953). 
. Philips, F. S., and Thiersch, J. B., Proc. Soc. Exp. Biol. and Med., 72, 401 (1949). 
. Balis, M. E., Brown, G. B., Elion, G. B., Hitchings, G. H., and VanderWerff, 


H., J. Biol. Chem., 188, 217 (1951). 


. Flavin, M., and Graff, S., J. Biol. Chem., 191, 55 (1951); 192, 485 (1951). 

. von Weygand, F., Wacker, A., and Dellweg, H., Z. Naturforsch., Tb, 156 (1952). 
. Zinner, H., Ber. chem. Ges., 88, 153 (1950). 

9. Davoll, J., Brown, G. B., and Visser, D. W., Nature, 170, 64 (1952). 

. Davoll, J., Lythgoe, B., and Todd, A. R., J. Chem. Soc., 967 (1948). 

. Whittaker, N., J. Chem. Soc., 1565 (1951). 

. Fox, J. J., and Shugar, F., Bull. Soc. chim. belg., 61, 44 (1952). 

. Isay, O., Ber. chem. Ges., 39, 250 (1906). 





XUM 











INDEX TO AUTHORS 


A 


Alfin-Slater, Roslyn B. See Schotz, Rice, 
and Alfin-Slater, 19 
Allison, Rufus K., Skipper, Howard E., 
Reid, Mary R., Short, William A., and 
Hogan, Gertrude L. Studies on the 
photosynthetic reaction. I. The as- 
similation of acetate by Nostoc mus- 
corum, 197 
Altenbern, Robert A., and House- 
wright, Riley D. Transaminases in 
smooth Brucella abortus, strain 19, 
159 
Anderson, Laurens, Tomita, Kenkichi, 
Kussi, Peter, and Kirkwood, S. On 
the cyclitol oxidizing enzyme system 


of Acetobacter suboxydans, 769 
Anfinsen, Christian B. See Brown, 
Boyle, and Anfinsen, 423 
Anslow, W. Parker, Jr. See Ratner, 
Anslow, and Petrack, 115 
Axelrod, Bernard, and  Bandurski, 
Robert S. Phosphorylglyceryl kinase 


in higher plants, 939 
Axelrod, Julius, Reichenthal, Jules, and 
Brodie, Bernard B. The direct deter- 


mination of phosphatidyl ethanol- 

amine and phosphatidyl serine in 

plasma and red blood cells, 903 
B 

Bandurski, Robert S., and Greiner, 


Claire M. The enzymatic synthesis 
of oxalacetate from phosphoryl-enol- 


pyruvate and carbon dioxide, 781 
See Azelrod and Bandurski, 939 
Banes, Daniel, and Carol, Jonas. The 
constituents of isoequilin A, 509 
Barnes, Frederick W., Jr. See Nisonoff, 
Barnes, and Enns, 957 
Barry, Shirley R. See Dobyns and 
Barry, 517 


Bean, R. C., Putman, E. W., Trucco, R. 
E., and Hassid, W. Z. Preparation of 
C!4_labeled p-galactose and glycerol, 


169 











Beare, J. L. See Beaton, Beare, Beaton, 


and McHenry, 715 
Beaton, G. H. See Beaton, Beare, 
Beaton, and McHenry, 715 


Beaton, J. R., Beare, J. L., Beaton, G. 
H., and McHenry, E. W. Studies on 
vitamin Bs. IV. The effect of vi- 
tamin B, on protein synthesis and 
maintenance in the rat, 715 

Becker, R. R., and Stahmann, Mark A. 
Polypeptide formation by reaction of 
N-earboxyamino acid anhydrides in 
buffered aqueous solutions, 737 

— and —. Protein modification by re- 
action with N-carboxyamino acid an- 
hydrides, 745 

Beinert, Helmut, and Stansly, Philip G. 
Asymmetric labeling of acetoacetate 
by enzymatic acetyl exchange with 
acetyl coenzyme A, 67 

Birnbaum, Sanford M. See Greenstein, 


Birnbaum, and Otey, 307 
Bishop, Jillian. See Buston, Churchman, 
and Bishop, 665 


Bloom, Ben, Stetten, Marjorie R., and 
Stetten, DeWitt, Jr. [Evaluation of 
catabolic pathways of glucose in mam- 
malian systems, 681 

Boas, Norman F. Method for the deter- 
mination of hexosamines in tissues, 


553 

Bock, Robert M. See Mahler, Wakil, 
and Bock, 453 
Boyer, P. D. See Segal and Boyer, 
265 

Boyle, Edwin. See Brown, Boyle, and 
Anfinsen, 423 
Brodie, Bernard B. See Azelrod, Reich- 
enthal, and Brodie, 903 


Brown, David H. Action of phospho- 
glucomutase on p-glucosamine-6-phos- 
phate, 877 

Brown, George Bosworth, and Weliky, 
Virginia Spicer. The synthesis of 9- 
8-p-ribofuranosylpurine and the iden- 
tity of nebularine, 1019 


1025 








1026 


Brown, Ray K., Boyle, Edwin, and An- 
finsen, Christian B. The enzymatic 


transformation of lipoproteins, 423 
Burris, R. H. See Newton, Wilson, and 
Burris, 445 


Buston, H. W., Churchman, Joyce, and 
Bishop, Jillian. Synthetic a-amino-8- 


hydroxyvaleric acids, 665 | 
Butler, G. C. See Hurst, Marko, and | 
Butler, 847 
Cc 
Calkins, Charles W., Jr. See Sable and 


Calkins, 695 
Cantoni, G. L. S-Adenosylmethionine; 
a new intermediate formed enzymati- 
cally from t-methionine and adeno- 
sinetriphosphate, 403 
Carol, Jonas. See Banes and Carol, 


509 

Chanutin, Alfred. See Mounter and 

Chanutin, 837 

—. See Mounter, Floyd, and Chanutin, 

221 

Childs, Barton. See Najjar and Childs, 

359 

Churchman, Joyce. See Buston, Church- 

man, and Bishop, 665 
Clute, Owen L. See Curran and Clute, 

215 


Cobey, Florapearl A., 
Philip. Apparent 


and Handler, 
adenylate kinase 


activity in vivo, 283 
Cohan, Marjorie S. See Tolbert and 
Cohan, 639, 649 


Cohen, Philip P. See Grisoliaand Cohen, | 


753 


Cohen, Saul L., and Oneson, Irving B. | 
IV. The hy- | 
drolysis of ketosteroid sulfates, 245 | 
Curran, George L., and Clute, Owen L. | 
Effect of cations on cholesterol syn- | 


The conjugated steroids. 


thesis by surviving rat liver, 215 | 
D 
Denstedt, Orville F. See Rubinstein and 
Denstedt, 623 


Denton, A. E., Gershoff, S. N., and 
Elvehjem, C. A. A new method for 
cannulating the portal vein of dogs, 

731 











INDEX 


Dietrich, L.S. A rapid method for the 
determination of dihydroxyphenyl- 
alanine decarboxylase in animal tis- 


sues, 587 
Di Giorgio, J. See Vitale, Di Giorgio, 
McGrath, Nay, and Hegsted, 257 
Dische, Zacharias. Qualitative and 
quantitative colorimetric determina- 
tion of heptoses, 983 
Dobriner, Konrad. See Lieberman, 
Praetz, Humphries, and Dobriner, 
491 
—. See Salamon and Dobriner, 487 


Dobyns, Brown M., and Barry, Shirley 
R. The isolation of iodinated amino 
acids from thyroid tissue by means of 
starch column chromatography, 


517 
E 


Elion, Gertrude B., Singer, Samuel, and 
Hitchings, George H. The purine me- 
tabolism of a 6-mercaptopurine-resis- 


tant Lactobacillus caset, 35 
Elvehjem, C. A. See Denton, Gershoff, 
and Elvehjem, 731 
Enns, Theodore. See Nisonoff, Barnes, 
and Enns, 957 
Evans, Herbert M. See Fels, Simpson, 
and Evans, 807 
F 


Fales, Frank W. A micromethod for 
the determination of serum calcium, 


e—- 


old 

Fankuchen, I. See Hirschman, Sobel, 
and Fankuchen, 13 
Fawcett, D. M., and Kirkwood, S. The 


mechanism of the antithyroid action 
of iodide ion and of the ‘‘aromatic”’ 
thyroid inhibitors, 787 


| Fels, I. Gordon, Simpson, Miriam E., 


and Evans, Herbert M. The effect. of 
magnesium ion upon the alkaline 
phosphatase activity in the thyroid of 


the hypophysectomized rat, 807 
Ferguson, John H. See Lewis and Fer- 
guson, 503 


Finch, Clement A. See Gabrio, Shoden, 
and Finch, 815 





we 





AUTHORS 1027 


Finch, Clement A. See Shoden, Gabrio, 
and Finch, 823 
Fischer, Marie A., and Garrity, Gene C. 
Protein metabolism in the choline- 
deficient rat. I. Effect of choline on 


serum proteins, 759 
Floyd, C. S. See Mownter, Floyd, and 
Chanutin, 221 
Fones, William S. The isomers of the 
B-phenylserines, 323 
Fridovich, Irwin. See Heimberg, Fri- 
dovich, and Handler, 913 


Fruton, Joseph S., Hearn, Walter R., 
Ingram, Vernon M., Wiggans, Donald 
S., and Winitz, Milton. Synthesis of 
polymeric peptides in proteinase-cata- 
lyzed transamidation reactions, 891 


G 


Gabrio, Beverly Wescott, Shoden, Arne, 
and Finch, Clement A. A quantita- 
tive fractionation of tissue ferritin and 


hemosiderin, 815 
See Shoden, Gabrio, and Finch, 

823 

Gal, Emery M. See Pilgeram, Gal, Sas- 
senrath, and Greenberg, 367 
Garrity, Gene C. See Fischer and Gar- 
rity, 759 
Gehrig, Robert F. See Oginsky and Geh- 
rig, 721 
Gershoff, S. N. See Denton, Gershoff, 
and Elvehjem, 731 


Gortner, Willis A., and Kent, Martha. 
Indoleacetic acid oxidase and an in- 
hibitor in pineapple tissue, 593 

Green, N. Michael, and Neurath, Hans. 
The effects of divalent cations on 
trypsin, 379 

Greenberg, David M. See Pilgeram, 
Gal, Sassenrath, and Greenberg, 367 

Greenfield, Leonard J., and Lane, 
Charles E. Cellulose digestion in 
Teredo, 669 

Greenstein, Jesse P., Birnbaum, San- 
ford M., and Otey, M. Clyde. Optical 
and enzymatic characterization of 


amino acids, 307 
Greiner, Claire M. See Bandurski and 
Greiner, 781 


Grisolia, Santiago, and Cohen, Philip P. 





Catalytic réle of glutamate deriva- 


tives in citrulline biosynthesis, 753 
H 

Handler, Philip. See Cobey and Handler, 
283 

—. See Heimberg, Fridovich, and Hand- 
ler, 913 
Hassid, W. Z. See Bean, Putman, 
Trucco, and Hassid, 169 
Hastings, A. Baird. See Renold, Teng, 
Nesbett, and Hastings, 533 
Hearn, Walter R. See Fruton, Hearn, 
Ingram, Wiggans, and Winitz, 891 


Hegsted, D. Mark. See Vitale, Di 
Giorgio, McGrath, Nay, and Hegsted, 
257 
Heimberg, Murray, Fridovich, Irwin, and 
Handler, Philip. The enzymatic oxi- 
dation of sulfite, 913 
Hess, Helen H., and Pope, Alfred. UI- 
tramicrospectrophotometric deter- 
mination of cytochrome oxidase for 
quantitative histochemistry, 295 
Hiatt, Howard H., Marks, Paul A., and 
Shorr, Ephraim. Effects of inhibitors 
on calcium deposition in cartilage in 
vitro, 187 
—. See Marks, Hiatt, and Shorr, 175 
Hift, Helen, Ouellet, Ludovic, Little- 
field, J. W., and Sanadi, D. R. a- 
Ketoglutaric dehydrogenase. IV. 
Coupled phosphorylation, 565 
Hirschman, Albert, Sobel, Albert Ed- 
ward, and Fankuchen, I. Calcifica- 
tion. X. An x-ray diffraction study 
of calcification in vitro in relation to 
composition, 13 
Hitchings, George H. See Elion, Singer, 
and Hitchings, 35 
Hogan, Gertrude L. See Allison, Skip- 
per, Reid, Short, and Hogan, 197 
Hogeboom, George H., and Schneider, 
Walter C. Intracellular distribution 
of enzymes. XI. Glutamic dehy- 


drogenase, 233 
Housewright, Riley D. See Altenbern 
and Housewright, 159 


Humphries, Phyllis. See Lieberman, 
Praetz, Humphries, and Dobriner, 
491 








1028 


Hurst, R. O., Marko, A. M., and Butler, 
G.C. The mononucleotide content of 
some desoxyribonucleic acids, 847 


I 
Ingram, Vernon M. See Fruton, Hearn, 
Ingram, Wiggans, and Winitz, 891 
K 


Katznelson, H., Tanenbaum, S. W., and 
Tatum, E.L. Glucose, gluconate, and 
2-ketogluconate oxidation by Aceto- 


bacter melanogenum, 43 
Kent, Martha. See Goriner and Kent, 
593 

Kirkwood, S. See Anderson, Tomita, 
Kussi, and Kirkwood, 769 
—. See Fawcett and Kirkwood, 787 


Kline, Daniel L. The purification and 
crystallization of plasminogen (pro- 
fibrinolysin), 949 

Knight, C. A. See McLaren and Knight, 

417 

Kochakian, Charles D., and Nall, Dan M. 
The metabolism of epitestosterone by 
rabbit tissues tn vitro, 91 

Kornberg, Arthur, and Pricer, W. E., Jr. 
Enzymatic esterification of a-glycero- 
phosphate by long chain fatty acids, 

345 

—and—. Enzymatic synthesis of the 

coenzyme A derivatives of long chain 


fatty acids, 329 
Kussi, Peter. See Anderson, Tomita, 
Kussi, and Kirkwood, 769 


L 


Lampen, J. O. Formation of ribose 
phosphate from xylose by extracts of 


Lactobacillus pentosus, 999 | 
—. See Mitsuhashi and Lampen, 1011 








INDEX 


Laskowski, M. See Peanasky and Las- 
kowskt, 153 
Lee, Norman D., and Williams, Robert 
H. Protein turnover and enzymatic 
adaptation, 177 
Lewis, Jessica H., and Ferguson, John 
H. The inhibition of fibrinolysin by 
Lima bean inhibitor, 503 
Li, Choh Hao, and Papkoff, Harold. 
The stability of hypophyseal growth 
hormone, 391 
Lieberman, Seymour, Praetz, Berna- 
dette, Humphries, Phyllis, and Do- 
briner, Konrad. Studies in 
metabolism. XVIII. Isolation of 
three new steroid triols from human 


steroid 


urine, 491 
Littlefield, J. W. See Hift, Ouellet, 
Littlefield, and Sanadi, 565 


M 


Mahler, H. R., Wakil, Salih J., and 
Bock, Robert M. Studies on fatty 
acid oxidation. I. Enzymatic activa- 
tion of fatty acids, 453 

Maley, Gladys Feldott, and Lardy, 
Henry A. Metabolic effects of thy- 
roid hormones in vitro. II. Influence 
of thyroxine and triiodothyronine on 
oxidative phosphorylation, 435 

Marko, A. M. See Hurst, Marko, and 
Butler, 847 

Marks, Paul A., Hiatt, Howard H., and 
Shorr, Ephraim. Factors influencing 
deposition of calcium and strontium 


in cartilage in vitro, 175 
—. See Hiatt, Marks, and Shorr, 187 
Mathies, James C. See Norris and 

Mathies, 673 
McCaman, Richard E. See fobins, 

Smith, and McCaman, 927 


| McCann, Shirley F., and Laskowski, M. 


Lane, Charles E. See Greenfield and | 
Lane, 669 
Lardy, Henry A. See Maley and Lardy, 
435 
Laskowski, M., and Wu, Feng Chi. 
Temporary inhibition of trypsin, 
797 
—. See McCann and Laskowski, 147 


Determination of trypsin inhibitor in 
blood plasma, 147 
McGrath, H. See Vitale, Di Giorgio, 
McGrath, Nay, and Hegsted, 257 
McHenry, E. W. See Beaton, Beare, 
Beaton, and McHenry, 715 
McLaren, A. D., and Knight, C. A. The 
response of Leuconostoc mesenteroides 





XUM 


=_ 








AUTHORS 


P-60 to some compounds related to 


lysine, 417 
Medes, Grace. See Spirtes, Medes, and 
Weinhouse, 705 
Mehler, Alan H. See TVabor, Mehler, 
and Stadtman, 127 
Mills, Gordon C., and Wood, John L. 
Metabolism of iodobenzene, 547 


Mitsuhashi, S., and Lampen, J.O. Con- 
version of b-xylose to p-xylulose in 
extracts of Lactobacillus pentosus, 

1011 

Mortensen, R. A. The effect of diet on 
the glutathione content of erythro- 
cytes, 239 

Mounter, L. A., and Chanutin, Alfred. 
Dialkylfluorophosphatase of kidney. 
II. Studies of activation and inhibi- 
tion by metals, 837 
-, Floyd, C. S., and Chanutin, Alfred. 
Dialkylfluorophosphatase of kidney. 
I. Purification and properties, 221 

Mueller, Gerald C. Incorporation of 
glycine-2-C"4 into protein by surviving 
uteri from a-estradiol-treated rats, 

77 

Mueller, Johannes M., Pierce, John G., 
and du Vigneaud, Vincent. Treat- 
ment of performic acid-oxidized oxy- 
tocin with bromine water, 857 


N 
Najjar, Victor A., and Childs, Barton. 
The crystallization and properties of 
serum bilirubin, 359 
Nakada, Henry I., and Weinhouse, Sid- 


ney. Non-enzymatic transamination 
with glyoxylic acid and various amino 
acids, 831 
Nall, Dan M. See Kochakian and Nall, 
91 

Nay, J. See Vilale, Di Giorgio, McGrath, 
Nay, and Hegsted, 257 
Nesbett, Frances B. See Renold, Teng, 
Nesbett, and Hastings, 533 
Neurath, Hans. See Green and Neurath, 
379 


Newton, Jack W., Wilson, P. W., and 
Burris, R. H. Direct demonstration 
of ammonia as an intermediate in 








1029 


nitrogen fixation by Azotobacter, 
445 
Nichol, Charles A. The effect of ascor- 
bie acid on the enzymatic formation 
of the citrovorum factor, 469 
Nisonoff, Alfred, Barnes, Frederick W., 
Jr., and Enns, Theodore. Mecha- 
nisms in enzymatic transamination. 
Estimation of velocity of the glu- 
tamate-aspartate reaction at equilib- 
rium, 957 
Norris, Earl R., and Mathies, James C. 
Preparation, properties, and erystal- 
lization of tuna pepsin, 673 
Nygaard, Agnar P. Factors involved in 
the enzymatic reduction of cyto- 
chrome c, 655 


O 


Oginsky, Evelyn L., and Gehrig, Robert 
F. The arginine dihydrolase system 
of Streptococcus faecalis. III. The de- 


composition of citrulline, 721 
Oneson, Irving B. See Cohen and One- 
son, 245 
Otey, M. Clyde. See Greenstein, Birn- 
baum, and Otey, 307 
Ouellet, Ludovic. See Hift, Ouellet, 
Littlefield, and Sanadi, 565 
P 

Papkoff, Harold. See Li and Papkoff, 

391 


Parker, Frank S., and Weed, Sara S. 
The interaction of 4-aminosalicylic 
acid with bovine plasma albumin, 

289 

Peanasky, R. J., and Laskowski, M. 
Partial purification of the trypsin in- 
hibitor from blood plasma, 153 


Petrack, Barbara. See Rainer, Anslow, 


and Petrack, 115 
—. See Ratner, Petrack, and Rochovan- 
sky, 95 
Pierce, JohnG. See Mueller, Pierce, and 
du Vigneaud, 857 


Pilgeram, Laurence O., Gal, Emery M., 
Sassenrath, Ethelda N., and Green- 
berg, David M. Metabolic studies 
with ethanolamine-1 ,2-C'4, 367 








1030 


Pope, Alfred. See Hessand Pope, 
295 
Praetz, Bernadette. See Lieberman, 
Praetz, Humphries, and Dobriner, 
491 
See Kornberg and 


Pricer, W. E., Jr. 


Pricer, 329, 345 
Putman, E. W. See Bean, Putman, 
Trucco, and Hassid, 169 


R 


Ratner, S., Anslow, W. Parker, Jr., and 
Petrack, Barbara. Biosynthesis of 
urea. VI. Enzymatic cleavage of ar- 
gininosuccinic acid to arginine and 
fumaric acid, 





INDEX 


Rubinstein, David, and Denstedt, Or- 
ville F. The metabolism of the ery- 
throcyte. III. The tricarboxylic acid 
cycle in the avian erythrocyte, 623 


S 


Sable, Henry Z., and Calkins, Charles 
W., Jr. Phosphoglucomutase and 
phosphohexose isomerase in tunicates, 

695 

Salamon, Ivan I., and Dobriner, Konrad. 


Studies in steroid metabolism. XVI. 
Isolation of 118-hydroxy-A‘-andro- 
stene-3,17-dione, 487 


| Sanadi, D. R. See Hift, Ouellet, Little- 


115 | 


—, Petrack, Barbara, and Rochovansky, | 


Olga. Biosynthesis of urea. V. Iso- 
lation and properties of argininosuc- 
cinic acid, 95 
Reichenthal, Jules. See Azelrod, 


Reichenthal, and Brodie, 903 
Reid, Mary R. See Allison, Skipper, 
Reid, Short, and Hogan, 197 


Renold, Albert E., Teng, Ching-Tseng, | 


Nesbett, Frances B., and Hastings, 
A. Baird. Studies on carbohydrate 
metabolism in rat liver slices. II. 
The effect of fasting and of hormonal 
deficiencies, 533 
Ressler, Charlotte, Trippett, Stuart, and 
du Vigneaud, Vincent. Free amino 
groups of performic acid-oxidized oxy- 
tocin and of its cleavage products 
formed by treatment with bromine 


water, 861 
Rice, Leslie I. See Scholz, Rice, and 
Alfin-Slater, 19 


Roberts, Carleton W., and du Vigneaud, 
Vincent. The synthesis of 6-sulfo-L- 
alanyl-L-tyrosine and 
cysteic acid and their dibromotyrosyl 
analogues, 871 

Robins, Eli, Smith, David E., and Mc- 
Caman, Richard E. Microdetermina- 
tion of purine’ nucleoside phos- 
phorylase activity in brain and _ its 
distribution within the monkey cere- 
bellum, 927 

Rochovansky, Olga. See Ratner, Pet- 
rack, and Rochovansky, 95 


L-tyrosyl-L- | 





| 
| 








field, and Sanadi, 565 
Sassenrath, Ethelda N. See Pilgeram, 
Gal, Sassenrath, and Greenberg, 367 
Schlenk, F., and Smith, Raymond L. 
The mechanism of adenine thiomethyl- 
riboside formation, 27 
Schneider, Walter C. See Hogeboom and 
Schneider, 233 
Schotz, Michael C., Rice, Leslie I., and 
Alfin-Slater, Roslyn B. Further stud- 
ies on cholesterol in liver cell fractions 
of normal and cholesterol-fed rats, 
19 
Schwartz, Theodore B. Variations in 
rat dipeptidase activity following par- 
enteral administration of activator and 
inhibitor, 61 
Segal, H. L., and Boyer, P.D. The réle 
of sulfhydryl groups in the activity 
of p-glyceraldehyde 3-phosphate de- 
hydrogenase, 265 
Shoden, Arne, Gabrio, Beverly Wescott, 
and Finch, Clement A. The relation- 
ship’ between ferritin and hemosiderin 
in rabbits and man, 823 
—. See Gabrio, Shoden, and Finch, 


815 

Shorr, Ephraim. See Hiatt, Marks, and 
Shorr, 187 
—. See Marks, Hiatt, and Shorr, 175 


Short, William A. See Allison, Skipper, 
Reid, Short, and Hogan, 197 
Simpson, Miriam E. See Fels, Simpson, 
and Evans, 807 
Singer, Samuel. See Elion, Singer, and 
Hitchings, 35 





XUM 


th 


wm 


nm 


—_ ww 





AUTHORS 


Sizer, Irwin W. The inactivation of 
invertase by peroxidase, 605 
Skipper, Howard E. See Allison, Skip- 
per, Reid, Short, and Hogan, 197 
Smith, David E. See Robins, Smith, 


and McCaman, 927 
Smith, Raymond L. See Schlenk and 
Sm ith ’ of 


Sobel, Albert Edward. See Hirschman, 


Sobel, and Fankuchen, 13 | 


Soloway, Sidney, and Stetten, DeWitt, 


Jr. The metabolism of choline and | 


its conversion to glycine in the rat, 


Weinhouse, Sidney. A study of ace- 


1031 


Trippett, Stuart. See Ressler, Trippett, 


and du Vigneaud, 861 
Trucco, R. E. See Bean, Putman, 
Trucco, and Hassid, 169 
V 

Van Pilsum, John F. The inhibition of 
uricase by xanthine, 613 

| du Vigneaud, Vincent. See Mueller, 
Pierce, and du Vigneaud, 857 
—. See Ressler, Trippett, and du Vi- 
gneaud, 861 


| —. See Roberts and du Vigneaud, 871 
207 | 
Spirtes, Morris A., Medes, Grace, and | 


tate metabolism and fatty acid syn- | 


thesis in liver slices of hyperthyroid 


rats, 705 | 
Stadtman, E.R. See Tabor, Mehler, and | 


Stadtman, 127 


Vitale, J. J., Di Giorgio, J., McGrath, 
H., Nay, J., and Hegsted, D. Mark. 
Alcohol oxidation in relation to aleo- 
hol dosage and the effect of fasting, 


257 
W 

| Wakil, Salih J. See Mahler, Wakil, and 

Bock, 453 


Stahmann, Mark A. See Becker and | 


Stahmann, 737, 745 | 
Stansly, Philip G. See Betnert and Stan- 
sly, 67 | 
Stetten, DeWitt, Jr. See Bloom, Stet- 
ten, and Stetten, 681 
—. See Soloway and Stetten, 207 
Stetten, Marjorie R. See Bloom, Stet- 
ten, and Stetten, 681 
T 


Tabor, Herbert, Mehler, Alan H., and 
Stadtman, E.R. The enzymatic acet- 


ylation of amines, 127 
Tanenbaum, S. W. See Katznelson, 
Tanenbaum, and Tatum, 43 
Tatum, E. L. See Katznelson, Tanen- 
baum, and Tatum, 43 
Taylor, Anne. See Fawcett and Kirk- 
wood, 787 
Teng, Ching-Tseng. See Renold, Teng, 
Nesbett, and Hastings, 533 
Tietze, Frank. Molecular-kinetie prop- 
erties of crystalline trypsinogen, 1 


Tolbert, N. E., and Cohan, Marjorie S. 
Activation of glycolic acid oxidase in 
plants, 639 
- and —. Products formed from gly- 
colic acid in plants, 649 

Tomita, Kenkichi. See Anderson, To- 
mita, Kussi, and Kirkwood, 769 





Walker, James B. An enzymatic re- 
action between canavanine and fu- 


marate, 139 
Weed, Sara S. See Parker and Weed, 
289 

Weinhouse, Sidney. See Nakada and 
Weinhouse, 831 
—. See Spirtes, Medes, and Weinhouse, 
705 


Weliky, Virginia Spicer. See Brown and 
Weltky, 1019 
Werkheiser, William C., and Winzler, 
Richard J. Separation and determi- 
nation of ribonucleotides and related 
compounds by ionophoresis on filter 
paper, 971 
Wiggans, Donald S. See lruton, Hearn, 
Ingram, Wiggans, and Winitz, 891 
Williams, Robert H. See Lee and Wil- 


liams, 477 
Wilson, P. W. See Newton, Wilson, and 
Burris, 445 
Winitz, Milton. See Fruton, Hearn, In- 
gram, Wiggans, and Winitz, 891 
Winzler, Richard J. See Werkheiser and 
Winzler, 971 

Wood, John L. See Wills and Wood, 
547 


Wu, Feng Chi. See Laskowski and Wu, 


797 

















Wleas 








INDEX TO SUBJECTS 


A 


Acetate: Assimilation, Nostoc muscor- 
um, photosynthesis, Allison, Skip- 
per, Reid, Short, and Hogan, 197 

Metabolism, liver, hyperthyroidism, 


Spirtes, Medes,and Weinhouse, 705 
Oxal-. See Oxalacetate 
Acetoacetate: Asymmetric labeling, 
acetyl exchange with acetyl coen- 
zyme A, enzymatic, Beinert and 
Stansly, 67 
Acetobacter melanogenum: Glucose, 


gluconate, and 2-ketogluconate oxi- 

dation, Katznelson, Tanenbaum, and 

Tatum, 43 

Acetobacter suboxydans: Cyclitol oxi- 

dizing system, Anderson, 

Tomita, Kussi, and Kirkwood, 769 

Acetyl coenzyme A: Acetyl excHange, 

enzymatic, acetoacetate labeling, 
asymmetric, Beinert and Stansly, 

67 

Adenine’ thiomethylriboside: Forma- 

tion, mechanism, Schlenk and Smith, 

27 


enzyme 


Adenosylmethionine: S-, L-methionine 
and adenosinetriphosphate relation, 


Cantoni, 403 
Adenylate kinase: Cobey and Handler, 
283 


Albumin: Blood plasma, 4-aminosali- 
eylic acid and, interaction, Parkzr 
and Weed, 289 

Alcohol: Oxidation, aleohol dosage and 
fasting, effect, Vitale, Di Giorgio, 
McGrath, Nay, and Hegsted, 

Alga: See also Nostoc 

Amine(s): Acetylation, enzymatic, 
Tabor, Mehler, and Stadtman, 127 

Amino acid(s): N-Carboxy-. See Car- 
boxyamino acid 


257 


Characterization, optical and enzy- 


matic, Greenstein, Birnbaum, and 
Otey, 307 
Iodinated, thyroid, isolation, chro- 

matography, Dobyns and Barry, 
517 











Transamination, non-enzymatic, Na- 
kada and Weinhouse, 831 
Amino group(s): Free, oxytocin, per- 
formic acid-oxidized, Ressler, Trip- 
pett, and du Vigneaud, 861 
—, —, ——, cleavage products, Ress- 
ler, Trippett, and du Vigneaud, 
861 
Amino-8-hydroxyvaleric acid(s): a-, 
synthetic, Buston, Churchman, and 
Bishop, 665 
Aminosalicylic acid: 4-, blood plasma 
albumin and, interaction, Parker and 
Weed, 289 
Ammonia: Nitrogen fixation by Azoto- 
bacter, relation, Newton, Wilson, and 
Burris, 445 
Androstene-3,17-dione: 118-Hydroxy- 
At-. See Hydroxy-A‘-androstene-3, - 
17-dione 
Arginine: Argininosuccinic acid cleav- 
age to, enzymatic, Ratner, Anslow, 
and Petrack, 115 
Arginine dihydrolase: System, Strepto- 
coccus faecalis, citrulline decompo- 


sition, Oginsky and Gehrig, 721 
Argininosuccinic acid: Arginine and 
fumaric acid formation from, en- 


zymatic, Ratner, Anslow, and Pet- 
rack, 115 
Isolation and properties, Ratner, Pet- 
rack, and Rochovansky, 95 
Ascorbic acid: citrovorum 
factor formation, enzymatic, effect, 


Leuconostoc 


Nichol, 469 
Aspartate: Glutamate-, reaction, ve- 
locity, determination, Nisonoff, 
Barnes, and Enns, 957 
Azotobacter: Nitrogen fixation, am- 


monia relation, Newton, Wilson, and 


Burris, 445 
B 
Bacillus: See also Lactobacillus 
Bacteria: See also Acetobacter, Azoto- 


bacter, Brucella, Leuconostoc, Strep- 
tococcus 


1033 








1034 


Bean: Lima, inhibitor, fibrinolysin, 
effect, Lewis and Ferguson, 
503 
Benzene: Iodo-. See Iodobenzene 
Bilirubin: Blood serum, crystallization 
and properties, Najjar and Childs, 
359 


Blood cell(s): Red, glutathione, diet 


effect, Mortensen, 239 | 


—, metabolism, Rubinstein and Den- 
stedt, 623 
—, phosphatidyl ethanolamine and 
phosphatidyl serine determination, 
Azelrod, Reichenthal, and Brodie, 

903 

—, tricarboxylic acid cycle, Rubin- 
stein and Denstedt, 623 
Blood plasma: Albumin, 4-aminosali- 
cylic acid and, interaction, Parker 
and Weed, 289 
Phosphatidyl ethanolamine and phos- 


phatidyl serine determination, Azel- | 


rod, Reichenthal, and Brodie, 903 
Trypsin inhibitor, determination, Mc- 


Cann and Laskowski, 147 | 
—-—, purification, Peanasky and Las- | 


kowski, 153 
Blood serum: Bilirubin, crystallization 
and properties, Najjar and Childs, 


359 
Calcium, determination, micro-, Fales, 
577 
Proteins, choline effect, Fischer and 
Garrity, 759 
Brain: Purine nucleoside phosphor- 
ylase, determination, micro-, Rob- 
ins, Smith, and McCaman, 927 
Brucella abortus: Transaminase, Al- 
tenbern and Housewright, 159 

Cc 
Calcification: Hirschman, Sobel, and 
Fankuchen, 13 
Roentgen ray study, in vitro, Hirsch 
man, Sobel, and Fankuchen, 13 
Calcium: Blood serum, determination, 
micro-, Fales, 577 


Deposition, cartilage, in vitro, Marks, 


Hiatt, and Shorr, 175 | 
—, —, — —, inhibitor effect, Hiatt, | 
187 | 


Marks, and Shorr, 





| Cholesterol: 





INDEX 


Canavanine: Fumarate-, enzymatic re- 


action, Walker, 139 
Cannulation: Portal vein, Denton, 
Gershoff, and Elvehjem, 73 

| Carbohydrate(s): Metabolism, liver, 
Renold, Teng, Nesbett, and Hastings, 

533 


—,—, fasting and hormone deficiency, 
effect, Renold, Teng, Nesbett, and 
Hastings, 533 

Carbon dioxide: Oxalacetate synthesis 
from, enzymatic, Bandurski and 
Greiner, 781 

Carboxyamino acid: N-, anhydride 
protein, effect, Becker and Stahmann, 

745 

—, anhydrides, polypeptide formation, 
use, Becker and Stahmann, 737 

Carboxylic acid: Tri-. 
boxylie acid 

Cartilage: Calcium deposition in vitro, 
Marks, Hiatt, and Shorr, 175 
- — — —, inhibitor effect, Hiatt, 
Marks, and Shorr, 187 
Strontium deposition in vitro, Marks, 
Hiatt, and Shorr, 175 
Cation(s): Divalent, trypsin, effect, 
Green and Neurath, 379 
Liver cholesterol synthesis, effect, Cur- 
ran and Clute, 215 
Cell(s): Glutamic dehydrogenase dis- 
tribution, Hogeboom and Schneider, 
233 

Cellulose: Digestion, Veredo, Greenfield 
and Lane, 669 

Cerebellum: Purine nucleoside phos- 
phorylase, Robins, Smith, and Mc 
Caman, 927 

Liver, cholesterol feeding, 

effect, Schotz, Rice, and Alfin-Slater, 


See Tricar- 


19 

-, synthesis, cation effect, Curran and 

Clute, 215 

| Choline: Blood serum proteins, effect, 

Fischer and Garrity, 759 

Glycine from, in vivo, Soloway and 

Stelten, 207 
Metabolism, Soloway and Stetten, 

207 

Protein metabolism, effect, Fischer and 

Garrity, 759 








19 








SUBJECTS 1035 


Citrulline: Biosynthesis, glutamate de- 
rivatives, relation, Grisolia and 
Cohen, 753 

Decomposition, Streptococcus faecalis 
arginine dihydrolase system, Ogin- 


sky and Gehrig, 721 
Coenzyme: A, acetyl. See Acetyl co- 
enzyme A 


— derivatives, fatty acids, synthesis, 
enzymatic, Kornberg and Pricer, 
329 
Cyclitol: Acetobacter suboxydans, oxidiz- 
ing enzyme system, Anderson, 
Tomita, Kussi, and Kirkwood, 


769 
Cytochrome: c, reduction, enzyme re- 
lation, Nygaard, 655 


Cytochrome oxidase: Determination, 
ultramicrospectrophotometric, his- 
tochemistry, Hess and Pope, 295 


D 


Decarboxylase: Dihydroxyphenylala- 
nine. See Dihydroxyphenylalanine 
decarboxylase 

Dehydrogenase: Glutamic. See Glu- 
tamie dehydrogenase 

p-Glyceraldehyde 3-phosphate dehy- 
drogenase. See Glyceraldehyde 3- 
phosphate dehydrogenase 

a-Ketoglutaric. See Ketoglutarie de- 
hydrogenase 


Desoxyribonucleic acid(s): Mononu- 
cleotide, Hurst, Marko, and Butler, 

847 

Dialkylfluorophosphatase: Kidney, 

Mounter, Floyd, and Chanutin, 

221 

Mounter and Chanutin, 837 

—, metals, effect, Mounter and Chanu- 

tin, 837 


—, purification and properties, Moun- 
ter, Floyd, and Chanutin, 


221 

Diet: Blood cell, red, glutathione, 
effect, Mortensen, 239 
Dihydrolase: Arginine. See Arginine 


dihydrolase 
Dihydroxyphenylalanine decarboxylase: 
Tissue, determination, Dietrich, 
587 





Dipeptidase: Activator and inhibitor, 
parenteral, effect, Schwartz, 61 


E 


Enzyme(s): Acetobacter suboxydans cyc- 
litol oxidizing system, Anderson, 
Tomita, Kussi, and Kirkwood, 

769 
Acetyl exchange with acetyl coenzyme 
A, asymmetric labeling, Beinert and 


Stansly, 67 
Adaptation, protein turnover, rela- 
tion, Lee and Williams, 477 
Amine acetylation, Tabor, Mehler, and 
Stadtman, 127 
Amino acid characterization, Green- 
stein, Birnbaum, and Otey, 307 


Argininosuccinie acid cleavage to ar- 
ginine and fumaric acid, Ratner, 


Anslow, and Petrack, 115 
Canavanine-fumarate reaction, Wal- 
ker, 139 


Coenzyme A derivatives, fatty acids, 
synthesis, Kornberg and Pricer, 


329 

Cytochrome c¢ reduction, relation, 
Nygaard, 655 
Fatty acid activation, effect, Mahler, 
Wakil, and Bock, 453 


a-Glycerophosphate esterification, 
fatty acids, Kornberg and Pricer, 


345 
Intracellular distribution, Hogeboom 
and Schneider, 233 


Leuconostoc citrovorum factor forma- 
tion, ascorbic acid effect, Nichol, 


469 
Lipoprotein transformation, Brown, 
Boyle, and Anfinsen, 423 


Oxalacetate synthesis from _phos- 
phoryl-enolpyruvate and carbon di- 
oxide, Bandurski and Greiner, 

781 

Sulfite oxidation, Heimberg, Fridovich, 
and Handler, 913 

Transamination, mechanisms, Nison- 
off, Barnes, and Enns, 957 

See also Adenylate kinase, Arginine di- 
hydrolase, ete. 

Epitestosterone: Metabolism in vitro, 
Kochakian and Nall, 91 








1036 


INDEX 

Equilin: Iso-. See Isoequilin Gluconate: 2-Keto-. See Ketoglucon- 

Erythrocyte: See Blood cell, red ate 
Estradiol: a-, uterus protein, glycine- Oxidation, Acetobacter melanogenum, 
2-C'4 incorporation, effect, Mueller, Katznelson, Tanenbaum, and Tatum, 
77 43 
Ethanolamine: -1,2-C't, metabolism, | Glucosamine-6-phosphate: p-, —phos- 
Pilgeram, Gal, Sassenrath, and Green- phoglucomutase effect, Brown, 877 
berg, 367 | Glucose: Mammalian systems, cata- 
Phosphatidyl. See Phosphatidy! eth- bolic pathways, Bloom, Stetten, and 
anolamine Stetten, 681 
Oxidation, Acetobacter melanogenum, 
F Katznelson, Tanenbaum, and Tatum, 
Fasting: Alcohol oxidation, alcohol 43 
dosage effect, Vitale, Di Giorgio, Mc- | Glutamate: -Aspartate reaction, ve- 


Grath, Nay, and Hegsted, 257 
Liver carbohydrate metabolism, effect, 
Renold, Teng, Nesbett, and Hastings, 
533 
Fatty acid(s): Activation, enzymes, 
effect, Mahler, Wakil, and Bock, 
453 
Coenzyme A derivatives, synthesis, 
enzymatic, Kornberg and Pricer, 
329 
a-Glycerophosphate esterification, en- 
zymatic, Kornberg and Pricer, 
345 
Oxidation, Mahler, Wakil, and Bock, 
153 
liver, hyperthyroidism, 
Spirtes, Medes, and Weinhouse, 705 
Ferritin: Hemosiderin and, relation- 
ship, Shoden, Gabrio, and Finch, 


Synthesis, 


823 
Tissue, fractionation, quantitative, 
Gabrio, Shoden, and Finch, 815 
Fibrinolysin: Bean, Lima, inhibitor, 
effect, Lewis and Ferguson, 503 
Fish: Tuna. See Tuna fish 
Fumarate: Canavanine-, enzymatic re- 
action, Walker, 139 
Fumaric acid: Argininosuccinic acid 
cleavage to, enzymatic, Ratner, An- 
slow, and Petrack, 115 


G 


Galactose: p-, carbon 14-labeled, prep- 
aration, Bean, Putman, Trucco, and 
Hassid, 169 

Glucomutase: Phospho-. Phos- 
phoglucomutase 


See 








locity, determination, Nisonoff, 
Barnes, and Enns, 957 
Derivatives, citrulline synthesis, rela- 
tion, Grisolia and Cohen, 753 
Glutamic dehydrogenase: Intracellu- 
lar distribution, Hogeboom and Sch- 
neider, 233 
Glutathione: Blood cell, red, diet ef- 
fect, Mortensen, 239 
Glyceraldehyde 3-phosphate dehydro- 
genase: p-, sulfhydryl groups, ef 
fect, Segal and Boyer, 265 


Glycerol: Carbon 14-labeled, prepara 
tion, Bean, Putman, Trucco, and Has 
sid, 169 
Glycerophosphate: a-, esterification, 
fatty acids, enzymatic, Kornberg and 
Pricer, 345 
Glycine: -2-C'4, protein incorporation, 


uterus, a-estradiol effect, Mueller, 


‘4 


Choline conversion to, in vivo, Solo 


way and Stetten, 207 
Glycolic acid: Products, plants, 7’ol- 
bert and Cohan, 649 
Glycolic acid oxidase: Plant, Volbert 
and Cohan, 639 


Glyoxylic acid: Transamination, non- 
enzymatic, Nakada and Weinhouse, 


831 
Growth: Hormone, stability, Li and 
Papkoff, 391 


H 


Hemosiderin: Ferritin and, relation- 
ship, Shoden, Gabrio, and Finch, 
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Tissue, fractionation, quantitative, 
Gabrio, Shoden, and Finch, 


815 

Heptose(s): Determination, colorimet- 
ric, Dische, 983 
Hexosamine(s): Tissue, determination, 
Boas, 553 


Hormone(s): Liver carbohydrate me- 
tabolism, effect, Renold, Teng, Nes- 
bett, and Hastings, 533 

Hydroxy-A‘-androstene-3,17-dione: 11- 
B-, isolation, Salamon and Dobriner, 

487 

Hyperthyroidism: Liver acetate me- 

tabolism, Spirtes, Medes, and Wein- 


house, 705 
—, fatty acid synthesis, Spirtes, Medes, 
and Weinhouse, 705 


Hypophysectomy: Thyroid alkaline 
phosphatase, magnesium ion effect, 
Fels, Simpson, and Evans, 

807 

Hypophysis: See Pituitary 


I 


Indoleacetic acid oxidase: Inhibitor, 
pineapple, Gortner and Kent, 593 
Invertase: Peroxidase effect, Sizer, 
605 
Iodide: Ion, thyroid action, mecha- 
nism, Fawcett and Kirkwood, 


787 

Iodobenzene: Metabolism, Mills and 
Wood, 547 
Isoequilin: A, constituents, Banes and 
Carol, 509 


Isomerase: Phosphohexose. See Phos- 
phohexose isomerase 


K 


Ketogluconate: 2-, oxidation, Acetobac- 
ter melanogenum, Katznelson, Tanen- 
baum, and Tatum, 43 

Ketoglutaric dehydrogenase: a-, Hift, 
Ouellet, Littlefield, and Sanadi, 

565 
—, phosphorylation, coupled, H7ft, 
Ouellet, Littlefield, and Sanadi, 


565 
Ketosteroid(s): Sulfates, hydrolysis, 
Cohen and Oneson, 245 





Kidney: Dialkylfluorophosphatase, 
Mounter, Floyd, and Chanutin, 

221 

Mounter and Chanutin, 837 

—, metals, effect, Mounter and Chanu- 

tin, 837 

—, purification and properties, Moun- 

ter, Floyd, and Chanutin, 221 

Kinase: Adenylate. See Adenylate 

kinase 


Phosphoglyceryl. See Phosphoglyec- 
eryl kinase 


L 


Lactobacillus casei: 6-Mercaptopurine- 
resistant, purine metabolism, Elion, 
Singer, and Hitchings, 35 

Lactobacillus pentosus: Ribose phos- 
phate formation from _ xylose, 


Lampen, 999 
p-Xylose conversion to p-xylulose, 
Mitsuhashi and Lampen, 1011 


Leuconostoc citrovorum: Factor, for- 
mation, enzymatic, ascorbic acid 
effect, Nichol, 469 

Leuconostoc mesenteroides: Lysine- 
related compounds, effect, McLaren 
and Knight, 417 

Lima bean: See Bean 

Lipoprotein(s): Transformation, enzy- 
matic, Brown, Boyle, and Anfinsen, 

423 

Liver: Acetate metabolism, hyperthy- 
roidism, Spirtes, Medes, and Wein- 
house, 705 

Carbohydrate metabolism, Renold, 
Teng, Nesbett, and Hastings, 533 

— —, fasting and hormone deficiency, 
effect, Renold, Teng, Nesbett, and 
Hastings, 533 

Cholesterol, cholesterol feeding, effect, 
Schotz, Rice, and Alfin-Slater, 


19 
— synthesis, cation effect, Curran and 
Clute, 215 


Fatty acid synthesis, hyperthyroidism, 
Spirtes, Medes, and Weinhouse, 

705 

Lysine: -Related compounds, Leuco- 

nostoc mesenteroides response, Mc- 

Laren and Knight, 417 
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M 


Magnesium: Ion, thyroid alkaline 
phosphatase, hypophysectomy, ef- 
fect, Fels, Simpson, and Evans, 

807 

Mercaptopurine: 6-, Lactobacillus casei- 
resistant, purine metabolism, Elion, 
Singer, and Hitchings, 35 

Metal(s): Kidney  dialkylfluorophos- 


phatase, effect, Mounter and Chanu- | 


tin, 
Methionine: S-Adenosyl-. 
osylmethionine 
Mononucleotide: Desoxyribonucleic 
acids, Hurst, Marko, and Butler, 


837 


847 
N 


Nebularine: 9-8-p-Ribofuranosylpurine, 
relation, Brown and Weliky, 1019 

Nitrogen: Fixation by Azotobacter, am- 
monia relation, Newton, Wilson, and 
Burris, 445 

Nostoc muscorum: Acetate assimila- 
tion, photosynthesis, Allison, Skip- 
per, Reid, Short, and Hogan, 197 

Nucleic acid: Desoxyribo-. See Des- 
oxyribonucleic acid 

Nucleotide: Mono-. See Mononucleotide 

Ribo-. See Ribonucleotide 


O 


Oxalacetate: Phosphoryl-enolpyruvate 
and carbon dioxide synthesis from, 
enzymatic, Bandurski and Greiner, 

781 

Oxidase: Cytochrome. See Cyto- 

chrome oxidase 


Glycolic acid. See Glycolic acid oxi- 


dase 
Indoleacetic acid. See Indoleacetic 
acid oxidase 
Oxytocin: Performic acid and, amino 


groups, free, Ressler, Trippett, and 
du Vigneaud, 861 
— — —, cleavage products, amino 
groups, free, Ressler, Trippett, and 
du Vigneaud, 861 
— acid-oxidized, bromine water effect, 


See Aden- | 


| Phosphatase: 








INDEX 


Oxytocin—continued: 
Mueller, Pierce, and du Vigneaud, 
857 


P 


Pepsin: Tuna fish, preparation, prop- 
erties, and crystallization, Norris 
and Mathies, 673 

Peptidase: Di-. See Dipeptidase 

Peptide(s): Polymeric, synthesis, pro- 
teinase-catalyzed transamidation, 
Fruton, Hearn, Ingram, Wiggans, 
and Winitz, 891 

Peroxidase: Invertase, effect, Sizer, 

605 

B-, isomers, Fones, 

323 

Alkaline, thyroid, hypo- 

physectomy, magnesium ion effect, 


Phenylserine(s): 


Fels, Simpson, and Evans, 807 
Dialkylfluoro-. See Dialkylfluoro- 
phosphatase 
Phosphate: a-Glycero-. See Glycero- 
phosphate 
Ribose. See Ribose phosphate 


Phosphatidyl ethanolamine: Blood 
plasma and blood cells, red, deter- 
mination, Azelrod, Reichenthal, and 
Brodie, 903 

Phosphatidyl serine: Blood plasma and 
blood cells, red, determination, A zel- 
rod, Reichenthal, and Brodie, 

903 


Phosphoglucomutase: pv-Glucosamine- 


6-phosphate, effect, Brown, 877 
Tunicates, Sable and Calkins, 695 
Phosphoglyceryl kinase: Plants, Azel- 
rod and Bandurski, 939 
Phosphohexose isomerase: Tunicates, 
Sable and Calkins, 695 
Phosphorylase: Purine nucleoside. 


See Purine nucleoside phosphorylase 
Phosphorylation: Oxidative, in vitro, 
thyroxine and __ triiodothyronine 
effect, Maley and Lardy, 435 
Phosphoryl-enolpyruvate: Oxalacetate 
synthesis from, enzymatic, Bandur- 
ski and Greiner, 781 
Photosynthetic reaction: Allison, Skip- 
per, Reid, Short, and Hogan, 197 
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Pineapple: Indoleacetic acid oxidase | 
inhibitor, Gortner and Kent, 
593 
Pituitary: Growth hormone, stability, 
Li and Papkoff, 391 | 
See also Hypophysectomy 
Plant(s): Glycolic acid oxidase, T'ol- 
bert and Cohan, 639 | 
— — products, Tolbert and Cohan, 


649 
Phosphoglyceryl kinase, Azelrod and | 
Bandurski, 939 | 
Plasminogen: Purification and crystal- | 
lization, Kline, 949 | 
Polypeptide(s): Formation, N-car- | 


boxyamino acid anhydride reaction, 
Becker and Stahmann, 737 
Portal vein: Cannulation, Denton, Ger- 
shoff, and Elvehjem, 731 
Profibrinolysin: See Plasminogen 
Protein(s): Blood serum, choline effect, 
Fischer and Garrity, 759 | 
N-Carboxyamino acid anhydride ef- 
fect, Becker and Stahmann, 745 | 
Lipo-. See Lipoprotein 
Metabolism, choline effect, Fischer and | 
Garrity, 759 
Synthesis and maintenance, vitamin 
Bg effect, Beaton, Beare, Beaton, and 
McHenry, 


| Ribofuranosylpurine : 


| Ribose phosphate: 


| Ship-worm: 


715 | 


Turnover, enzyme adaptation, rela- | 


tion, Lee and Williams, 


477 | 


Uterus, glycine-2-C" incorporation, a- | 


estradiol effect, Mueller, 
Proteinase: -Catalyzed 
tion, polymeric peptides, synthesis, 


77 | 
transamida- | 


Fruton, Hearn, Ingram, Wiggans, and 
Winitz, 891 
Purine: 6-Mercapto-. See Mercapto- | 


purine 

Metabolism, Lactobacillus casei 6-mer- 
captopurine-resistant, Elion, Singer, 
and Hitchings, 35 


9-8-p-Ribofuranosyl-. See Ribofuran- 
osylpurine 
Purine nucleoside phosphorylase: 


Brain, determination, micro-, Rob- 
ins, Smith, and McCaman, 





927 


Cerebellum, Robins, Smith, and Mc- | 


Caman, 927 


1039 


R 


9-8-p-, nebular- 
ine relation, Brown and Weltky, 
1019 
—, synthesis, Brown and Weliky, 
1019 
Ribonucleotide(s): Separation and de- 
termination, ionophoresis, Werk- 
heiser and Winzler, 971 
Xylose conversion 
to, Lactobacillus pentosus, Lampen, 
999 
Riboside: Adenine thiomethyl-. See 
Adenine thiomethylriboside 


Ss 


Salicylic acid: 4-Amino-. 
salicylic acid 
Serine: 6-Phenyl-. 
Phosphatidyl. See 

serine 


See Amino- 


See Phenylserine 
Phosphatidyl 


See also Teredo 
Steroid(s): Conjugated, Cohen 
Oneson, 
Keto-. See Ketosteroid 
Metabolism, Salamon and Dobriner, 
487 
Lieberman, Praetz, Humphries, and 
Dobriner, 491 
Triols, urine, isolation, Lieberman, 
Praetz, Humphries, and Dobriner, 
491 
Streptococcus faecalis: Arginine dihy- 
drolase system, Oginsky and Gehrig, 
721 
in 
175 
See Argin- 


and 
245 


Strontium: Deposition, cartilage, 
vitro, Marks, Hiatt, and Shorr, 
Succinic acid: Arginino-. 
inosuccinic acid 
Sulfhydryl group(s): p-Glyceraldehyde 
3-phosphate dehydrogenase, effect, 
Segal and Boyer, 265 
Sulfite: Oxidation, enzymatic, Heim- 
berg, Fridovich, and Handler, 913 
Sulfo-L-alanyl-t-tyrosine: 8-, dibro- 
motyrosyl analogues, synthesis, 
Roberts and du Vigneaud, 871 
—, synthesis, Roberts and du Vigneaud, 
871 
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T 


Teredo: Cellulose digestion, Greenfield 


and Lane, 669 | 


Testosterone: See 


terone 


Epi-. 


Thyroid: Amino acids, iodinated, iso- 


lation, chromatography, Dobyns and 
Barry, 517 
Aromatic inhibitors, action, mecha- 
nism, Fawcett and Kirkwood, 787 
Hormones, metabolism in vitro, effect, 
Maley and Lardy, 435 
Iodide ion action, mechanism, Fawcett 
and Kirkwood, 787 
Phosphatase, alkaline, hypophysec- 
tomy, magnesium ion effect, Fels, 
Simpson, and Evans, 807 
See also Hyperthyroidism 
Thyronine: Triiodo-. See Triiodothy- 
ronine 
Thyroxine: Phosphorylation, oxida- 
tive, in vitro, effect, Maley and Lardy, 
435 
Transamidation: Proteinase-catalyzed, 
polymeric peptides, synthesis, Fru- 
ton, Hearn, Ingram, Wiggans, and 
Winitz, 891 
Transaminase: 
bern and Housewright, 159 
Transamination: [Knzymatic, mecha- 
nisms, Nisonoff, Barnes, and Enns, 
957 
Tricarboxylic acid: Cycle, blood cell, 
red, Rubinstein and Denstedt, 623 
Triiodothyronine: Phosphorylation, 
oxidative, in vitro, effect, Maley and 
Lardy, 435 
Trypsin: Cations, divalent, effect, 
Green and Neurath, 379 
Inhibition, Laskowski and Wu, 797 
Inhibitor, blood plasma, determina- 
tion, McCann and Laskowski, 147 
—,—-—, purification, Peanasky and 
Laskowski, 153 
Trypsinogen: Crystalline, molecular- 
kinetic properties, T7elze, 1 


Epitestos- | Tunicate(s): 


Brucella abortus, Alten- | 





| Tuna fish: Pepsin, preparation, prop- 


erties, and crystallization, Norris 
and Mathies, 673 
Phosphoglucomutase and 
phosphohexose isomerase, Sable and 
Calkins, 695 
Tyrosine: 8-Sulfo-L-alanyl-t-. See 

Sulfo-L-alanyl-.-tyrosine 
Tyrosyl-L-cysteic acid: .L-, dibromo- 
tyrosyl analogues, synthesis, Roberts 
and du Vigneaud, 871 
—, synthesis, Roberts and du Vigneaud, 
871 

U 


Urea: Biosynthesis, Ratner, Petrack, 
and Rochovansky, 95 
Ratner, Anslow, and Petrack, 115 

Uricase: Xanthine effect, Van Pilsum, 

613 

Urine: Steroid triols, isolation, Lieber- 
man, Praetz, Humphries, and Do- 
briner, 49] 

Uterus: Protein, glycine-2-C'4 incorpo- 
ration, a-estradiol effect, Mueller, 

77 
V 


Valeric acid: a-Amino-6-hydroxy-. See 
Amino-8-hydroxyvaleric acid 
Vitamin(s): Bs, Beaton, Beare, Beaton, 
and McHenry, 715 
—, protein synthesis and maintenance, 
effect, Beaton, Beare, Beaton, and 
McHenry, 715 


xX 


Uricase, effect, Van Pilsum, 
613 

Xylose: p-, pD-xylulose conversion to, 
Lactobacillus pentosus, Mitsuhashi 
and Lampen, 1011 
Ribose phosphate formation from, Lac- 
tobacillus pentosus, Lampen, 999 
Xylulose: p-, p-xylose conversion from, 
Lactobacillus pentosus, Mitsuhashi 
and Lampen, 1011 


Xanthine: 








715 
ice, 
and 
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